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Abstract

Syntheses of zinc oxide (ZnO) and ZnO-coated titanium dioxide nanoparticles under ultrasonic field at the multibubble sonoluminescence
(MBSL) condition were tried in various alcohol solutions. The MBSL condition facilitates the supercritical state of liquid layer where high-energy
chemical reaction in the layer around the bubble is possible. At the optimal MBSL condition in alcohol solutions containing zinc acetate dihydrate
of 2.75 wt%, sodium hydroxide of 1 wt% and TiO, of 1 wt%, ZnO nanoparticles having the average diameter of 7 nm were synthesized first and
subsequently ZnO-coated TiO, nanoparticles were synthesized within 10 min. The prepared particles of ZnO and ZnO-coated TiO, were examined

by XRD, UV-vis spectrophotometer and HR-TEM.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) powder which has been used as pri-
mary reinforcing filler for elastomers was produced by gas
phase synthesis in flame [1]. Last 10 years or so, however,
various preparation methods of ZnO nanoparticles [2—6] and
their size dependent electronic [7] and optical [8] properties
have been studied extensively for specific applications such as
catalysts, photovoltaic and electroluminescent devices and func-
tional devices (sensor, varistor, etc.). However, a precise control
of homogeneity, particle size and shape of ZnO by sophisticated
manufacturing process is needed for the specific applications.

Various methods such as microemulsion-mediated process
[2], laser evaporation and subsequent condensation [3], a mod-
ified sol-gel procedure with metal alkoxides [5], flow spray
pyrolysis (FSP) [6], reversed-micelles (RM) method [4] and pre-
cipitation from zinc acetate in various alcohol solutions [9] were
tried to synthesize specialty ZnO nanoparticles. In general, the
physical and chemical properties of the ZnO nanoparticles are
different depending on the manufacturing method. For example,
gas phase synthesis in flame is suitable for the relatively higher
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crystallinity of the particles, while a wet process such as precip-
itation of zinc salt and post calcinations provides larger specific
surface area [5]. On the other hand, the ZnO powder from FSP of
zinc salt aqueous solution has comparable BET equivalent par-
ticle diameter but has higher crystallinity than the ones from the
wet process of sol-gel procedure [5]. Such experimental result
indicates that the ZnO powder from FSP has combined charac-
teristics of the powder prepared from gas phase synthesis and
the wet procedure.

Previously, amorphous iron [10], palladium [11] nanopar-
ticles and metal alloys [12] have been prepared by ultrasonic
irradiation of solutions containing volatile transition metal car-
bonyls. Also, pure Fe304 nanoparticles were synthesized by
simple sonication of iron(Il) acetate in water [13]. However,
more homogeneous metal oxide nanoparticles were found to be
synthesized within 10 min at the multibubble sonoluminescence
(MBSL) condition. On the other hand, it took more than 10 h to
obtain the same amount of product by simple ultrasonic irradi-
ation. Furthermore, various core/shell type nanocrystals turned
out to be synthesized only at this condition [14].

In this study, ZnO and ZnO-coated TiO; nanoparticles were
synthesized by the ultrasonic irradiation of zinc salt solution with
NaOH at the multibubble sonoluminescence condition in various
alcohol solutions. The intense local heating in the liquid adjacent
to the bubble wall at the collapse point is expected to provide
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similar reaction condition which could be obtained from the FSP
of zinc salt solution. The estimated temperature and pressure in
the liquid layer are about 1000 °C and 500 bar [15], respectively,
which make high-energy chemical reaction possible to produce
novel materials with unusual properties [16—18]. Especially, the
MBSL condition facilitates the supercritical state of liquid layer
where the acceleration of any chemical reactions is possible [19].
In fact, the XRD pattern for the ZnO particles synthesized at the
MBSL condition is quite similar to that of the ZnO particles by
FSP. Also, the size and size distribution depending on the solvent
were investigated in this study.

2. Experimental
2.1. Synthesis

The solvents used are ethanol (C;HsOH, 99.5%, Aldrich),
1-propanol (CH3CH,CH,OH, 99.7%, Aldrich), 1-butanol
(CH3(CH>)30H, 99.8%, Aldrich), 1-pentanol (CH3(CH;)4OH,
99%, Aldrich) and 1-hexanol (CH3(CH;)sOH, 98%, Aldrich)
and were used as received.

Zinc oxide (ZnO) powder was synthesized by ultrasonic radi-
ation at the MBSL condition. An experimental apparatus for the
MBSL consists of a cylindrical quartz cell into which a S mm
diameter titanium horn (Misonix XI1.2020, USA) is inserted, as
shown in Fig. 1. The system operates at 20 kHz and power input
of 200 W. The solution in the test cell was kept at constant pres-
sure with argon atmosphere. Continuous circulation of water to
the bath in which the cell is immersed keeps the temperature of
the solution inside the cell around 25 °C. The MBSL condition
can be found by trial and error at a proper ultrasound intensity,
liquid temperature and distance between the horn tip and the
bottom of the cell.

Sonicator

Fig. 1. Experimental set-up for MBSL experiment.

A solution was made by the addition of 4 mmol sodium
hydroxide (NaOH, 99.99%, Aldrich) to 2 mM zinc acetate dihy-
drate (Zn(CH3CO3),-2H20, 99.999%, Aldrich) solution in the
experimental cell. The solution was sonicated at the MBSL con-
dition for about 5 min to obtain zinc oxide powder. In all cases the
products were collected by centrifugation (Hanil, HM-1501V,
Korea) and washed with deionized water and dried in oven for
10h.

For the coating of ZnO onto TiO; nanoparticles, 2 mmol zinc
acetate dehydrate, 4 mmol sodium hydroxide and 2 mmol TiO,
(Degussa, P-25, average size of 21 nm in diameter) in distilled
water (13 ml) were sonicated at the aforementioned MBSL con-
dition. After 20 min later, the resulting powder was prepared.
These resulting particles were washed by DI-water in order and
dried in oven for 12 h.

2.2. Physical characterization

Zinc oxide powder samples were characterized by X-ray
diffractometer (Scintag XDS-2000, X =1.5418 A, USA) and
infrared spectroscopy (Nicolet Model Impact 400D, KBr pel-
lets, 4cm™! resolution). The morphology of the product was
determined by high precision transmission electron microscopy
(JEOL, JEM-3000F, Japan). Prepared zinc oxide powder in var-
ious alcohol solution at the MBSL condition was monitored by
UV-vis spectroscopy (Hitachi, U-3300), obtaining the absorp-
tion spectra for ZnO colloids in methanol. Measurement of
photoluminescence generated by using a laser at 365 nm was
also performed.

3. Results and discussion
Fig. 2 shows the XRD patterns of ZnO nanoparticles syn-

thesized from zinc acetate dehydrate (Zn(CH3CO;);-2H,0,
99.999%, Aldrich) in various alcohol solutions with sodium
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Fig. 2. XRD pattern for ZnO powder prepared in various alcohol solutions with
NaOH at the MBSL condition.
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Fig. 3. XRD patterns for ZnO powder prepared by various processes: (a) sol-gel
process after heat treating at 600 °C (—), (b) sonochemistry at the MBSL con-
dition (—) and FSP (——-).

hydroxide (NaOH, 99.99%, Aldrich) at the MBSL condition. In
all these cases, the positions of all characteristic peaks occur at
260=31.5,34.3,36.1,47.3,56.0,62.7 and 67.6° corresponding to
(100),(002),(101),(102),(110), (103) and (1 12) planes.
The XRD patterns of all powders indicate hexagonal zincite
(JCPDS #36-1451), which has also slight peaks of 20 = 66.2 and
69.0° around 26 =67.6°, as shown in Fig. 2. However, the rel-
ative intensity at 260 =34.3° is greater than that at 26 =31.47°,
which is the only difference from the XRD pattern for the com-
mercial ZnO particles [5]. Rather, the XRD pattern is similar
to the one for the ZnO powder produced by a modified sol—gel
process and subsequent heat treatment at about 700 °C [5] as
shown in Fig. 3. For comparison, the XRD patterns for the ZnO
particles obtained from the sol—gel process after heat treatment
at 600 °C [5] and FSP [6] along with our results in 1-hexanol
solution are given in Fig. 3. Our XRD pattern is also very simi-
lar to the one by FSP where the maximum flame temperature is
estimated to be about 2200-2600 K [20].

There was no great solvent effect in synthesizing the ZnO
powder. The mean crystallite size diameter (D) of the ZnO
particles was estimated by the following Scherrer’s formula [21]
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where A is the X-ray wavelength, B the full-width at half maxi-
mum and 6p represents the diffraction angle at a certain crystal
plane. The estimated diameters of ZnO particles prepared in
various alcohol solutions using Eq. (1) with the (1 0 0) peak are
shown in Table 1. The average diameter of 7.1 nm obtained in
this study is close to the value obtained by spray pyrolysis using
a filter expansion aerosol generator [22], however, the diameter
is about half of the one by FSP [6] or by the microemulsion-
mediated process [2]. Slight decrease in the particle size can
be seen when the ZnO particle is prepared in the longer chain
length alcohol solution.

Table 1

Calculated diameter of ZnO particle prepared in various alcohol solutions using
Scherrer’s formula at the diffraction angle 6p = 15.735° and using Brus equation
with the wavelength at the inflection point

Solvent B (rad) Calculated diameter (nm)

Scherrer’s formula Brus equation
Ethanol 0.018 8.18 8.24
1-Propanol 0.020 7.38 7.82
1-Butanol 0.022 6.61 6.77
1-Pentanol 0.023 6.41 6.37
1-Hexanol 0.021 7.03 7.54

Fig. 4 shows absorption spectra obtained from the colloid of
ZnO nanoparticles prepared in various alcohol solutions. The
colloids were made by mixing 0.1 g of prepared ZnO pow-
der with 10 ml methanol. All the absorbance spectra exhibit a
well-defined exciton peak around 352-357 nm, showing that the
average particle size is in the quantum regime. The average par-
ticle size in a colloid may be obtained from the wavelength at
the inflection point after the exciton peak [23] which provides
the band gap of the particle, E; = hc/A. Since the band gap of
the particle E,; can be estimated by the following effective mass
model [24], one can calculate the average particle size of the
colloid

h 1 N 1 1.8¢2 0.124mge*
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where Eg‘“k is the bulk band gap (eV), i the Planck’s constant,
r the particle radius, m. is the electron effective mass, my
the hole effective mass, mq the free electron mass, e the
charge on the electron, ¢ the relative permittivity and &g is the
permittivity of free space. With me =0.26, m, =0.59, ¢ =8.5 and
Egu]k = 3.2 eV and with the wavelength at the inflection point,

bulk
Es = Egu +
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Fig. 4. UV-vis spectroscopy from the ZnO colloids in methanol solution.
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ZnO coating on TiO> the average particle diameter estimated by Eq. (2) is about
7.2nm in diameter. As can be seen in Table 1, the diameters
of ZnO particles obtained from the Brus equation are in good

agreement with the value obtained from the XRD data.
1-hexanol A hlm A FTPRP WP W Fig. 5 shows the XRD pattern of the ZnO-coated TiO,

nanoparticles prepared in various alcohol solutions at the MBSL
Jagsntano! A A ﬁh ﬁ .y Ih Pt condition. Similar intense peaks for ZnO as shown in Fig. 2

appear with less intensity, which indicates that the particles are

100)
(002)
(101)
(102)
(110)
(103)
(112)

(

-‘% nano-sized and the ZnO is thinly coated on TiO,. Typical peaks

g | I-butanol for TiO, at 20 =24.93, 48.53° are also shown in Fig. 5.
= W{ Fig. 6a shows a transmission electron microscope image of
1-propanol ="‘ A Al A A ZnO particles prepared in 1-butanol solution. From the lattice
Msanan’ fringe, one can find that the particle shape is spherical and the
le“‘a"°' A N l~l| A Avw * o diameter of the particle is about 6.3 nm which is close to the
particle diameter of 7.1 nm estimated by the Scherrer’s formula,
bare TiO, l ' as shown in Table 1. Fig. 6b and ¢ shows a transmission elec-
tron microscope image of ZnO-coated TiO, nanoparticles. The
10 20 30 40 50 50 70 80 average size of the bare TiO; nanoparticles was about 21 nm and
28 those of ZnO-coated TiO; nanoparticles were found to be about

30nm range.

Fig. 5. XRD‘ pattern for ZnO-coated TiO, nanoparticles prepared in various Fig. 7 shows the room temperature photoluminescence (PL)
alcohol solutions. spectrum of the ZnO powder synthesized in various solutions

at the MBSL condition. The PL spectrum is very broad, with a

(d)

Fig. 6. TEM images of: (a) ZnO particles, (b and c) HR-TEM image of ZnO-coated TiO, particles prepared in 1-butanol solution and (d) HR-TEM image of bare
TiO; particles.



172 K.-T. Byun et al. / Chemical Engineering Journal 135 (2008) 168—173

Relative Intensity

480 520 560 600 640 680
Wavelength [nm]
Fig. 7. Photoluminescence spectra from ZnO prepared in various alcohol solu-

tions: (a) ethanol, (b) 1-propanol, (c) 1-butanol, (d) 1-pentanol and (e) 1-hexanol
at the MBSL condition and from an aged ZnO prepared by sol—gel process (f).
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Fig. 8. (a) Time-dependent bubble wall temperature and pressure around the
collapse point. (b) Calculated temperature and pressure distribution in the liquid
layer adjacent to the bubble wall for the argon bubble with equilibrium radius
of 10 wm driven at 1.3 atm and at 20 kHz.

maximum centered at 580 nm, which is slightly higher than that
of the aged sample prepared by the sol—gel process [25]. The red
shifted emission band peak from 500 nm for a fresh powder to
560 nm after aging is due to the increase in the cluster sizes from
3.5 to 5.5 nm in diameter during aging process. It is reasonable
to obtain PL spectrum with a maximum at 580 nm from the ZnO
powder having size of 7 nm in diameter.

Fig. 8a shows the time-dependent temperature and pressure
at the bubble wall around the collapse point and Fig. 8b shows
spatial temperature and pressure distributions in the liquid layer
adjacent to the bubble wall at the collapse point for and argon
bubble with an equilibrium radius of 10 pwm driven at the ultra-
sound amplitude of 1.3 atm and frequency of 20kHz. As can
be seen from Fig. 8b, the pressure value at the point where the
temperature is 610K, the critical temperature of 1-hexanol is
much greater than the critical pressure of 1-hexanol, 33.8 atm,
so that the supercritical state of 1-hexanol is developed above
T=610K. Below 610K, the pressure values are always greater
than the saturation pressure corresponding to the temperature so
that no evaporation takes place in the liquid layer. The estimated
duration of supercritical state of 1-hexanol from Fig. 8a is about
2 ns. Rapid syntheses of ZnO in various solutions at the MBSL
condition might be due to the existence of transient supercriti-
cal state near the collapse point at the MBSL condition. In fact,
much higher reaction rate of the hydrolysis of p-nitrophenyl
acetate by several orders of magnitude in the presence of ultra-
sound was considered to be attributed to the existence of transient
supercritical state of water during the bubble collapse [26].

4. Conclusion

Waurtzite phase ZnO nanoparticles of about 7 nm in particle
diameter were synthesized sonochemically at the multibubble
sonoluminescence condition in various alcohol solutions. Com-
pared with the other preparation methods, the sonochemical
method at MBSL condition produces ZnO nanoparticle with the
smallest and the most homogeneous in primary particle diame-
ter. The synthesized ZnO nanoparticles may be used for varistor
and photovoltaic devices and ZnO-coated TiO> nanoparticles
may be used for a material to reduce the recombination loss in
dye solar cell unit.
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