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In the present article, electrochemical synthesis of ZnO nanostructures in presence of ultrasonic irradia-
tion is investigated. The ultrasonic bath use for synthesis is calibrated using hydrophone method so that
its frequency and acoustic power were obtained. From the results of the experimentation the role of
ultrasonic irradiation in synthesis of ZnO nanoparticles is discussed. Diameter of the ZnO nanoparticles
produced in the electrolyte was compared and investigated in absence and presence of the ultrasonic
irradiation utilizing UV-visible photo-spectrometer. Then electrodeposited ZnO layer on the ITO glass
as cathode’s surface in absence and presence of the ultrasonic irradiation were studied by UV-visible
photo-spectrometer and field emission scanning electron microscopy (FE-SEM) and the results were
compared. FE-SEM micrographs show, higher growth of nanosheets on the cathode electrode in presence
of ultrasonic irradiation. Experiment shows synthesis of ZnO nanoparticles in presence of the ultrasonic
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irradiation happen 10 times faster.
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1. Introduction

Nano sized semiconductor particles have attracted great inter-
ests for technological applications because of their several interest-
ing size dependent optical and electrical properties. Different
properties of nanoparticles from those of bulk materials have
encouraged many researchers to investigate these nano sized
materials in various application fields [1-3].

Zinc oxide (ZnO) is a II-VI semiconductor with a wide and direct
band gap of about 3.37 eV (at 300°K). It has a large exciton binding
energy of 60 meV, high mechanical and thermal stabilities and
radiation hardness [1]. It’s interesting properties, such as transpar-
ency in the visible spectra and high infrared reflectivity, acoustic
characteristics and direct band gap beside being cheap, abundant
in nature, non-toxicity and easy for preparation have prompted
its applications in a variety of industrial and technical fields [2]
like; gas sensors, biosensors, biological labels, solar cells, electro-
chemical cells, varistors, ultraviolet (UV) photodiodes, electrical
and optical devices and surface acoustic wave (SAW) devices [3].
Quantum confinement effects of ZnO nanostructures can enable
continuous tuning of the emission and detection wavelengths to
improved device performance [4].
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Different methods for synthesis of ZnO nanostructures can be
classified in three categories as follows; vapor phase such as PVD
[5], solid phase such as combustion synthesis [6], and solution
phase such as hydrothermal [7] and electrochemical [8,9].

Among the recent ZnO nanostructure synthesis techniques,
ultrasonic irradiation have been widely employed in solution
phase processes. Intensive sonication of a liquid generates bubbles
by cavitations which then collapse causing a very high but momen-
tary raise in temperature up to 5000 K and pressure up to 1800
atmospheres inside the collapsing cavity, known as the ‘hot spot’
[10], which is responsible for the homogeneous sonochemical reac-
tions and deposition.

The proposed mechanism for the described reactions process is
the following: When ultrasonic treatment is applied to aqueous
solution of an inorganic salt, the ions of the salt are absorbed on
or near the formed acoustic bubbles [11]. As the result of collapse
these ions impact one another and nanoparticles of the inorganic
salt are produced as a result of the influence of localized high tem-
peratures and pressures. According to a report nucleation work
needed for crystallization is strongly reduced by the presence of
a liquid-gas bubble interface, therefore the presence of the bubble
surface accelerates the crystal nucleation [12].This emission from
the alkali metals arouse from the gas phase of the bubbles. Were
collapse occurs, cavitation not only occurs in liquid, but also in
liquid near a solid surface (glass slides) and it is found that the
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presence of a solid surface increases the nucleation rate. Generated
high-speed jets of the liquid, formed after the collapse of the bub-
ble, throw the formed nanoparticles at high speed toward the glass
slides [13].

Along with the advantages of solution phase growth methods,
producing pure product using these methods is usually challenging
due to the presence of surfactants which are usually added as size-
controlling agents and by-products formed in the solution phase
[8]. The electrochemical route as an alternative can offer the
advantages of being simple and convenient with less difficulty,
which facilitates the generation of pure, homogeneous and large
quantities of particles [8].

In this research article, effects of using ultrasonic irradiation
along with electrochemical techniques are investigated. The ZnO
nanoparticles formed in the solution and nanosheets grown via
electrochemical deposition in presence and absence of ultrasonic
irradiation are discussed. The synthesized nanoparticles are ana-
lyzed using UV spectrometer and the morphology of ZnO nano-
sheets grown on ITO electrode were analyzed using FE-SEM.

2. Material and methods

The electrochemical synthesis was carried out in a two-elec-
trode cell powered by a DC power supply 0-36V/0-3A (Arma,
APS-1363P, Tehran, Iran). The clean Indium Tin oxide (ITO) coated
glass sheets (active area of 1.0 x 1.5 cm?) with 50 Q resistivity
were used as working electrode (cathode), with another ITO as
counter electrode (anode). ITO was rinsed ultrasonically for
15 min in acetone, isopropyl alcohol and ethanol, respectively.
The zinc nitrate solution with 0.1 M was prepared using Zn(NOs3),_
-4H,0. Electrochemical synthesis of the zinc oxide (ZnO) nanopar-
ticles in solution and the sheets on the ITO substrate were
performed in a small beaker containing 4 ml of Zn*? precursor
liquid via constant potential of 0.85 V. In order to control the pro-
cess temperature, the beaker was positioned in 20 °C water bath.
The optical absorption of synthesized ZnO nanoparticles were
measured every 1.5 min during the experimentation and after each
measurement the solution was returned back in the beaker to con-
tinue the electrochemical synthesis for the next different times of
exposure.

In the next step under the same electrochemical conditions, the
beaker was positioned at a distance of 30 mm above the transducer
axis in the bath to examine ultrasonic effects (see Secection 2.1).
After fixing the bath water temperature on 20 °C, all devices such
as thermometer, heater, etc. were removed from the bath to avoid
ultrasonic mode changes and making the experiment repeatable.
Just after each sonication, temperature of the bath is measured
to increase only by 0.3 °C, in which before performing next sonica-
tion it returns backed to 20 °C. Ultrasonic agitation times for con-
stant power were varied from 0 to 30 min, but only useful data
are presented in this report.

The optical absorptions of the synthesized ZnO nanoparticles in
the solution were measured with a Perkin-Elmer Lambda 25 UV-
visible spectrometer in each 1.5 min intervals. A slit width of
1 nm and a sampling interval of 0.5 nm were used to record the
spectra between 250 to 500 nm. The solution of 0.1 M zinc nitrate
was used as the blank solution (reference). The ITO cathode sample
was characterized by UV-visible spectrometer in absorption mode
and the surface morphology is studied by using field emission
scanning electron microscopy (FE-SEM, Philips-4160).

2.1. Calibration of the ultrasonic bath

Calibration of acoustic pressure of the bath was carried out
using hydrophone method in the cubic chamber with calibration

range from 10 kHz to 20 MHz, with a sensor diameter of 25 mm.
The bath (digital Ultrasonic cleaner- CD-4820, China) with the
dimensions of 80 x 150 x 250 mm? was filled with 2500 ml water.
A hydrophone PVDF-type (PA124, Precision Acoustics Ltd, Dorches-
ter, Dorset, UK) was located at a distance of 30 mm from the bot-
tom of a 100 ml beaker which was full of water. In order to
record, measure and process the ultrasonic signals the hydrophone
was connected to a digital oscilloscope (TNM 20080, TNM Elec-
tronics Ltd., Tehran, Iran) and then to the computer [14,15]. The
real frequency and acoustic pressure (P,) of the ultrasonic bath
measured were 36.62 kHz and 19.6 atmospheres respectively, for
fundamental frequency based on calibration certification test
results.

Fast Fourier transform (FFT) analysis is used to obtain, the
frequency content of a captured signal. In order to extract the fre-
quency contents of driven data, signals were analyzed in MATLAB
software version 7.0.1 (Math Software Co., Math works, USA) using
FFT function. Calibration data for piston hydrophone at 36.62 kHz
frequency is 1.681 puV/Pa, which the acoustic pressure is equal to
19.62 atmospheres. The measured signal amplitude versus
frequency for the bath is shown in Fig. 1.

3. Results and discussion

The results of the experimentation are presented and discussed
in three sections to investigate the effect of ultrasonic irradiation
on size of the synthesize ZnO nanoparticles and effects on electro-
chemical deposition of ZnO on ITO substrate.

3.1. Effect of ultrasonic irradiation on particle size

The absorption spectra were taken from the zinc nitrate solu-
tion containing electrochemically synthesized ZnO at different
time intervals comparatively, in the absence and presence of the
ultrasonic irradiation. The UV absorption spectrum with well-de-
fined exciton peaks of ZnO are observed in measurements for dif-
ferent cases and presented in Fig. 2. UV absorption edge in
absence of ultrasonic shown in Fig. 2a have no significant peak
shift but in Fig. 2b upto 13.5 min have blue shift but after passing
13.5 min no significant shift is observed. Magnitude of absorption
in absence of ultrasonic is 0.08 while in presence of ultrasonic is
0.85 for equal synthesis time of 19.5 min as a typical case. Magni-
tude of absorption indicates amount of the ZnO produced, which
shows in the presence of the ultrasonic irradiation, production of
the ZnO nanoparticles is increased by 10 times.
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Fig. 1. Signal amplitude vs. frequency for ultrasonic bath obtained by FFT.
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Fig. 2. UV-visible Spectrums of the ZnO colloids produced in 20 °C, for different times in; (a) absence and (b) presence of the ultrasonic irradiation.

Experiments are carried in absence of ultrasonic for 27 min,
while in presence of ultrasonic only up to 19.5 min because
absorption peak have reached to near the maximum absorption.

Fig. 3 shows UV-absorption diagram in absorption mode for
ZnO deposited electrochemically on the ITO glass under ultrasonic
irradiation, while using another clean ITO glass as the reference.
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Fig. 3. UV-absorption spectrum of ZnO deposited on the ITO substrate in the
presence of the Ultrasonic irradiation.

UV absorption edge, indicated in Fig. 3 is 347 nm, which shows
the size of the synthesized ZnO is in the quantum regime. UV
absorption for the ITO cathode surface in absence of the ultrasonic
irradiation has no significant peak (data are not shown). It may be
due to deposition of thinner layer on the cathode surface in ab-
sence of the ultrasonic irradiation compared to the presence of
the ultrasonic irradiation.

The electro-synthesis of ZnO is obtained due to a series of reac-
tions occurring at two electrodes as well as in the electrolyte. Pass-
ing electrical current under applied potential of 0.85V, which is
accordance to Nurnst equation [ 16]. The following reactions occur:

2H,0 — O, +4H" + 4e” (1)
2NO; + H,0 +2e — N,05 4+ 20H" (2)
Zn*? +20H" — Zn(OH), | 3)
Zn(OH), + 20H™ — Zn(OH),> (4)
Zn(OH),* — ZnO | +H,0 + 20H" (5)

Water oxidation occurs (reaction 1) at the anode, while NO3~
ions in the solution undergo reduction (reaction 2) at the surface
of cathode to produce OH™ ions [17]. Electro-generation of hydrox-
ide (OH™) results in Zn (OH), production (reaction 3).
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The concentration of OH ions increases as time passes and cor-
respondingly Zn(OH), and/or ZnO nuclei are formed in solution
according to reactions 4 and 5 [8]. Reaction 1 occurs at anode, reac-
tion 2 at cathode, and reactions 3 to 5 occur both in the solution
and at the cathode surface.

The average particle size formed in colloid is calculated from
the absorption onset using the effective mass model [18,19] and
use of the following equation [20]:

 —0.3049 + \/—26.23012 + 10240.72//,(nm) ©
- —6.3829 + 2483.2/7,(nm) '

r(nm)

Electrolysis reaction time is varied from O to 30 min. The UV-
absorption of the electrolyte solution was taken each 1.5 min inter-
vals and then corresponding wavelength of UV-absorption peaks
were used to calculate particles diameters from Eq. (6) for different
times of synthesis in presence and absence of ultrasonic irradia-
tion. The data are extracted from ultraviolet absorption peaks
(UV absorption edge) from Fig. 2. These data are presented in
Table.1 for easier comparison of the particles sizes.

UV absorption edge in Table.1 shows wavelengths from 355.59
to 341 nm which indicates significant blue-shifted compared to the
absorption onset of bulk zinc oxide which is 385 nm. This informa-
tion indicates that the average particle size is in the quantum size
range [18].

For the experiments done without ultrasonic irradiation, the
first absorption peak is appeared after 15 min while under ultra-
sonic irradiation the first absorption peak is observed after only
1.5 min that is 10 times faster. Such reduction in production time
of ZnO nanoparticle is very important for large scale production
point of view.

Fig. 4 shows diameter-time diagram of ZnO nanoparticles pro-
duced in absence and presence of ultrasonic irradiations during
electrochemical synthesize.

In the absence of ultrasonic irradiation, ZnO nanoparticles get
formed slowly so the decrease in number of ions in the solution
is very slow and as a result, the diameter of nanoparticles synthe-
sized at different times tested is approximately constant versus
time. While in presence of ultrasonic irradiation after 1.5 min,
nanoparticles with diameter of 4.32 nm are synthesized. As time
passes, the diameter of nanoparticles decrease, therefore the UV-
absorption diagram show a blue shift until it reaches to the final
diameter of 3.66 nm. In the presence of ultrasonic irradiation, the
ZnO nanoparticles rapidly get formed in the electrolyte solution
and on passing time, reduction in size and further saturation in
the curve as shown in Fig. 4 is observed. Curve fitting for the diam-
eter-time diagram gives R? value to be 0.99 that is indicating good
fitting and leads to a exponential equation,

Table 1
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Fig. 4. Diameter of nanoparticle synthesized versus time in presence and in
absence of ultrasonic irradiation (dash line is fitting curve).

D(nm) = 3.64 + 0.95e/4%9) (7)

In presence of ultrasonic irradiation, Eq. (7) can be expected to
be non-linear due to drastic change in precursor concentration
during the experimentations. Initially large amount of precursor
is present therefore diameter of produced ZnO nanoparticle grown
is largest. Because of using only 4 ml precursor in a small beaker, it
decreases rapidly therefore resulting in formation of smaller nano-
particles, later. We have used small beaker because in electro-
deposition, anode and cathode should be close to each other to
have less convection and therefore more solution uniformity.

We know ZnO nanoparticles move randomly in solution due to
wave pressure and also Brownian motion. When a bubble is pres-
ent in the path of a particle (here is ZnO), either it enters the bubble
(bubble collapse) or it sits on the surface of the bubble depending
on kinetic energy of particle, size of bubble and surface tension of
liquid. Due to collision of the larger particles (4.3 nm) formed ini-
tially with surface of the substrate and sticking, causes reduction in
precursor, therefore diameter of the further produced nanoparti-
cles in electrolyte is expected to be smaller (see Section 3.3).

3.2. Role of the ultrasonic irradiation in the synthesis of the ZnO
nanoparticles

For the said precursor Zn*2, OH™ and Zn(OH), 2 ions are pro-
duced via electrolysis synthesis (Eqgs. (1) to (4)). This ions move
randomly with high speeds due to Brownian motion and wave
pressure. When these ions reach to the bubble surface, stop and
sit on the outer surface of the bubbles, which for larger bubble,

UV absorption edges and calculated diameters of the ZnO nanoparticles for different time with and without ultrasonic irradiation.

Time (min) Electrochemical synthesis

Without ultrasonic irradiation With ultrasonic irradiation

UV absorption edge (nm) Diameter (nm) UV absorption edge (nm) Diameter (nm)
1.5 Not formed Not applicable 355.59 4.32
3.0 “ “ 352.47 4.15
4.5 ¢ ‘ 348.99 3.98
6.0 “ “ 347.58 3.92
7.5 “ “ 345.00 3.81
9.0 ¢ ‘ 344.31 3.78
10.5 “ “ 342.98 3.73
12.0 “ “ 341.98 3.69
13.5 “ “ 342.00 3.69
15.0 351.80 412 341.51 3.68
16.5 350.94 4.08 340.51 3.64
18.0 350.75 4.08 341.91 3.69
19.5 350.14 4.04 341.00 3.66
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more ions get accommodated on the surface. Maximum radius
Ruax and collapse time 7 of bubble can be calculated by Eq. (8) [21];

D
= Ruaxy [—— 8
M Da +Dn ®

Where v is the applied acoustic frequency which is 36.62 kHz,
Pa is acoustic pressure measured to be 19.6 atmospheres, and P,
the external pressure is around 1 atmosphere.

Maximum radius of the bubble is calculated by Eq. (8), to be
0.395 mm in the present conditions, therefore surface of the
bubble is 1.95 mm? while ionic radius is in order of Pico meter,
therefore large amount of ions can sit on the bubble surface. Col-
lapse time is calculated from Eq. (8) to be about 8 ps. This collapse
time is very short; therefore speed of ions collision due to micro jet
effects is high enough to promote the reaction of formation of ZnO
nanoparticles.

The maximum temperature and pressure inside a collapsing
transient bubble can be calculated by assuming adiabatic bubble
collapse [22,23].

3'))PA
412v2p

RMax =

TOPA(’)) — 1)

TMax = Pv (9)

Pa(y — 1)) (=)

PMax:Pv( Pv

Where Ty is the liquid temperature, P, is the acoustic pressure
at initiation of collapse, 7y is the ratio of specific heats of dissolved
gas or vapor, P, is the vapor pressure of solvent. Calculated collapse
pressure is 1.6 x 107 atmosphere and Ty.x is 148,800 K from Eq.
(9).

As a result, absorbed ions on the bubble which are exposed to
these extreme localized conditions start to impact one another
and ZnO nanoparticles are produced [11,19]. This procedure is
given in Eq. (10) and Eq. (11), also schematically shown in Fig. 5.

o N After
Acoustic
Acoustic bubble
pressure Bubble pressure collapse
@
Ozn>* @ OH  OzZn(OH)%

1439
Zn** + 40H™ — Zn(OH),> (10)
2(Zn(0H),?) — 2Zn0 + 4H, + 30,. (11)

3.3. Role of ultrasonic irradiation on Electrochemical deposition of ZnO

ZnO nanosheets were formed by reduction of nitrate anion and
production of hydroxide anion according to Eqs (3)-(5). Fig. 6 and
Fig. 7 show FE-SEM micrographs of the cathode, giving morphology
of electro-deposited ZnO on the ITO surface in absence and pres-
ence of the ultrasonic irradiation respectively. Dashed squared in
Figs. 6a and 7a are shown in Figs. 6b and 7b with bigger scale
respectively. Applying ultrasonic irradiation during electrochemi-
cal deposition resulting in vertical growth of nanosheets on the
ITO cathode shown in Fig. 7, which is further and greater growth
of ZnO material observed in Fig. 6.

The size of nanosheets grown under ultrasonic irradiation syn-
thesis (Fig. 7) is in order of few micrometers. As previously out-
lined (Fig. 5), the reason may be due to the effect of bubbles
absorbed on solid surfaces such as cathode surface. Imagine a bub-
ble sticks to surface of the substrate and many ZnO nanoparticles
have sited on the bubble, when collapse occurs the nanoparticle
collides with the substrate with high energy due to micro jet effect.
Collision of the ZnO nanoparticles with the substrate can be in
three forms i.e. inelastic, elastic or semi-elastic. Elastic collision
cannot deduce growth of ZnO on the ITO glass because nanoparti-
cles collide and bounce back to the electrolyte. But for inelastic col-
lisions, when nanoparticles collide, stick to the substrate and
therefore the initially formed larger particles (4.3 nm) get elimi-
nated from the solution and as time passes reduction of precursor
occurs. As possibility of collision with higher grown edges of the

Next

collapse

Fig. 5. schematic representation of the synthesis of ZnO nanoparticles under ultrasonic irradiation.

Fig. 6. FE-SEM micrograph of the ITO cathode surface under electrochemical-deposition.
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Fig. 7. FE-SEM micrograph of the ITO cathode surface under electrochemical deposition in presence of the Ultrasonic irradiation.

sheets in vertical direction is more, so it attaches to higher grown
part of nanosheets causing much more growth of the nanosheets.

4. Conclusion

Applied ultrasonic irradiations along with electrochemical syn-
thesis of ZnO nanoparticles make the production of the ZnO nano-
particles much faster and more efficient. The time needed for
formation of the ZnO nanoparticles from the zinc nitrate electro-
lyte with electrochemical synthesis, has decreased by factor of 10
when ultrasonic irradiation is applied compared to the case with-
out ultrasonic. In the presence of ultrasonic irradiations, earlier
formed ZnO nanoparticles are larger in size (only 4.32 nm). Imme-
diate deposition of these larger ZnO nanoparticles as nanosheets
on cathode surface leads to elimination of these electrolyte and
as a result decrease in diameter of the next generated ZnO nano-
particles’ was observed. When deposition on cathode surface is fol-
lowed only by electrochemical deposition, a very thin layer of ZnO
gets coated on the cathode, while in presence of the ultrasonic irra-
diation, collapse of bubbles lead to higher formation rate of ZnO in
the solution or deposition on the cathode’s surface. Synthesis with
use of ultrasonic irradiations can be easily controlled and it is
expected to be applicable for production of nanoparticles with spe-
cific required diameters and faster rate for thicker deposition on
cathode.
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