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Abstract

We synthesized ZnO nanoflowers using a solution plasma. We examined the effects of
the applied voltage and the concentration of the electrolyte on the morphology of the
products. In the experiments, the zinc wire (cathode) was immersed in an electrolysis
solution of K,COs3 (concentration: 0.01 to 5.00 M) and was electrically melted by a glow
discharge at different voltages ranging from 42 to 200 V. The results revealed that the
products were nanoflowers having many nanorods (size: <100 nm). The ZnO
nanoflowers had a wurtzite structure with the [0001] orientation in the growth direction.
The product morphology changed with a change in the concentration of the electrolyte, C,
and the applied voltage, V; that is, nanoflowers were generated under the limited
conditions of (C, V) = (1.0 M, 66 V), (0.5 M, 80 V), and (0.1 M, 105 V).
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Introduction

Zn0, because of a wide band gap of 3.37 eV and a high electron mobility (100 cm*V™'s™), has
drawn worldwide attention for its wide range of applications, such as optoelectronic nanodevices, dye-
sensitized solar cells, photocatalysts, sensors, biodevices, field-emission devices, piezoelectric
transducers, varistors, ultraviolet (UV) and microwave absorbers, light-emitting diodes, surface acoustic
devices (SAWs), polymer additives, ultraviolet nanolasers, and UV/visible photo-detectors, with unique
properties of UV emission, optical transparency, electrical conductivity, piezoelectricity, and

transparent conductivity at room temperature. Therefore, many researchers have reported on the

([1-8]]

fabrication of zinc oxide crystals by different methods, such as hydrothermal synthesis , solution

[[9-22]]

(1 [[23, 24]]

routes , ultrasonic irradiation "“*, microwave irradiation , vapor-liquid-solid (VLS) growth

([2. 3] ([41] ([51] dq [[29.301] (ell

, pulsed laser ablation , electrodeposition ‘!, solvothermal metho , microemulsion

and thermal evaporation (2 ®U. Further, various unique shapes of ZnO have been synthesized in the

[[13, 17, 19, 24, 25, 28, 29, 34]] [[24-26]]

past decades, such as rods , Wires , needles 2 tetrapods "), tubes 1,

[[3, 21, 24]]

spheres , hollow spheres [[1]], stars [[9]], ferns [[10]], brushes [[11]], layers [[8]], disks 2% 28]], nuts

[[9]]’ UFOs [[9]]’ candles [[9]]’ and flowers [[1,2, 4, 6-11, 13-16, 20, 23, 24, 27, 28, 30, 35]].

Products having the abovementioned unique shapes are strongly expected to have more potential

applications such as gas sensors using ZnO nanorods " 21!

and photocatalysts of Ag/ZnO with a
heterostructure V. The three-dimensional, complex structures of ZnO, such as stars, dendrites, and
flowers, have recently drawn increased attention because of their unique properties. In particular, ZnO

(133 and have a large dielectric constant (241

nanoflowers exhibit a high photocatalytic activity

Recently, plasma-assisted techniques based on the electrical discharge in a liquid have become a
focus of many studies for the synthesis of nanoparticles '>'*!. The solution plasma causes a supercritical
state of water in which the surface of the cathode is partially heated by a glow discharge at a high

temperature (18 The solution plasma offers many advantages: (1) simple experimental setup, (2) no

need to supply gas, (3) easy mass production, and (4) use of easy- available zinc wire as a raw material
3



of nanoparticles. The solution plasma seems to be considerably attractive for the synthesis of ZnO
nanocrystals from not only a scientific point of view but also an engineering one. However, to the best
of our knowledge, few papers have been published on the ZnO production using the solution plasma.
Therefore, we have studied the production of ZnO nanocrystals from a Zn wire (cathode) by using
solution plasma; further, the effects of the applied voltage and the concentration of electrolysis solution
on the morphology of the products in the solution plasma were mainly examined. The products
recovered were characterized by using a field-emission electron microscope (FE-SEM), a transmission
electron microscope (TEM), and selected area electron diffraction (SAED) patterns. The mechanisms of

nanoparticles formation have also been discussed on the basis of the results.



Experimental

Experimental Setup

Figure 1 shows the experimental apparatus used for the electrolysis experiments under stable power
supply conditions (ZX800H, Takasago, Tokyo, Japan). A platinum wire of length 1000 mm, diameter
0.5 mm, and purity 99.98 mass% (Nilaco, Tokyo, Japan) was used as the anode; this wire was bent into
a half-round mesh and fixed in a glass frame. A zinc wire of diameter 1.0 mm and purity 99.99 mass%
(Nilaco, Tokyo, Japan) was used as the cathode. It was shielded by an electrically insulated
polytetrafluoroethylene (PTFE, TX-1, Sanplatec, Osaka, Japan) tube in order to obtain an exposed
length of 10 mm; the exposed part functioned as the net actual electrode. The distance between the
electrodes was kept at 30 mm. The electrolytes were solution of K,CO3; with 99.5% in purity (Kishida
Chemical, Osaka, Japan) having concentrations ranging from 5.0 to 0.01 kmol-m>. The solution
temperature at a depth of 10 mm was recorded every 5 s by using a polymer-coated thermistor

thermometer (Ondotori TR-71Ui1, T&D, Nagano, Japan).

Experimental Procedure and Characterizations

The experimentals for producing nanoparticles were performed as a following procedure. First, the
anode and cathode wire were washed by deionized water and ethanol by using an ultrasonic washer.
Secondary, the voltage was applied at a rate of 0.5 V/s until the formation of plasma under the constant-
voltage control. Then, the voltage was fixed at a constant value for 1 h. After the experiments, products
were collected by the centrifugation and washed with deionized water. FE-SEM images of the products
were taken by using a JEOL JSM-7400F (JEOL, Tokyo, Japan) microscope. The samples for
observation were prepared by the deposition of the particle-dispersed droplets on a carbon tape.

Transmission electron microscope (TEM) images and selected area electron diffraction (SAED) patterns
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were also taken by using a JEOL JEM-2010 (JEOL, Tokyo, Japan) microscope at an operating voltage
of 200 kV. The water containing nanoparticles was dropped on a collodion-coated Cu microgrid (150

mesh, Nisshin EM, Tokyo, Japan) to observe by TEM.



Results and Discussion

Formation of nanoparticles during solution plasma

The formation mechanism of the solution plasma is schematically illustrated in Fig.2 (a). A kind
of electrolysis of water is performed. The current is increased with increasing the voltage when the
voltage is low. Since the IR-loss is concentrated at the cathode/solution interface, the solution near the
cathode is heated to the boiling point and a gas-layer containing hydrogen gas and steam was generated.
Once the gas-layer is generated at the surface of the cathode, the current cannot increase any more
thereafter and decreases because the cathode electrode and the solution do not touch each other
(breakdown). If the voltage is sufficiently high, a glow discharge with intense light emission starts in
the gas-layer. The electrons in the plasma layer are accelerated under a high electric field and impact a
neutral atom to excite it. This excited atoms drop down immediately to a stable energy level by emitting
light. The surface of the electrode partially melts to produce nanoparticles owing to the concentration of
current causes by the electrothermal instability” *!]. Figure 2 (b) shows the concentration mechanism
of current. If the temperature at a certain point is larger than that in the surrounding area, the
conductivity of plasma becomes high. The current increases due to the high conductivity of the plasma.
The spot, where the current concentration occurs, is heated exclusively. Eventually, the cathode melts or

ionizes at the spot to form nanoparticles!®.



Effect of voltage and concentration of electrolysis solution

Table I shows the experimental parameters and the corresponding morphology of the products,
which were evaluated by SEM images as shown in Fig.3, at different solution concentrations ranging
from 5.0 to 0.01 M. The voltages of plasma formation were increased with decreasing the concentration
of electrolyte owing to the low electro-conductivity of the solution; the voltage was 50 V with the
concentration of 2.0 M, and it was 190 V with the concentration of 0.01M. This tendency agreed with
the reported datal'®.. Here, the voltages of plasma formation have a margin of error because the voltages
of plasma formation were determined by the observation of the cathode. The maintained voltages were
selected in order to keep glow discharge. The voltage was changed to investigate the effect of voltage at
the concentration of 1.0M and 0.01M. When gas-layer was generated at the surface of the cathode, the
breakdown occurred because the current cannot increase any more. Thus, the power of breakdown was
higher than the maintained power. With increasing the concentration of the solution, the maintained
power decreased, and interestingly, the morphology of the products changed by the maintained power;
no product less than 30 W, nanoflowers in the range from 44 to 48 W and coarse particles more than 66
W. We observed light emission when the maintained powers were more than 44W. With more than 66
W, the light emission became strong. These results suggested that the input voltage was not sufficient
for producing particles in the case of under 30W. At an electric power of more than 66 W, the cathode

melted and generated coarse particles because of overheating.



Characterizations

Figure 3 shows the SEM images of the products. Nanoflowers generated in the range of 44 to 48 W,
having many nanorods with a diameter of less than 100 nm. With an increase in the concentration of the
solution, the flowers were smaller: that is, 0.5-1.0 um in diameter at 1.0 M (see Fig. 3(a)), 0.5-3.0 um
in diameter at 0.5 M (see Fig. 3(b)), and 0.5-5.0 um in diameter at 0.1 M (see Fig. 3(c)). In contrast, an
electric power of over 66 W generated coarse and agglomerated particles with the diameter of over 1
um. Figure 4(a) shows a typical TEM image of the ZnO nanoflowers, the inset of which is an SAED
pattern taken from one of the nanorods. This confirmed the single crystal of the ZnO grown along the
[0001] direction. Further, an HR-TEM image, shown in Figure 4(b), revealed a lattice fringe of

approximately 0.52 nm, which corresponded to the (0001) plane of the wurtzite ZnO.



Formation mechanism of ZnO Nanoflowers
Previously, the solution plasma had produced spherical nanoparticles as following steps; first,
the surface of the cathode melted. Secondary, the molten metal formed sphere due to the surface tension

15, 18, 1
5 18, 191 However, the

in the solution, and then was solidified to synthesis of spherical nanoparticles!
flower-like products formed due to another mechanism, which was not solidification after melting but

nucleation and crystal growth. The flower-like structures have been produced through a hydrothermal

[[1-8]] ([9-22]]

synthesis and solution routes . The growth units of ZnO nanoflowers in these methods are a
[Zn(NH;)4]*" or [Zn(OH)4]* ions. The [Zn(NH;),]*" ion were synthesized by a reaction between an
ammonia water and a zinc salt such as ZnCl,, ZnSO, and Zn(NOs),. The [Zn(OH)4]* ions can be formed
by a reaction between an alkaline solution, which formed (OH) ion such as NaOH, and a zinc salt.
Considering our experimental conditions, the precursor of our ZnO nanoflowers was the [Zn(OH)4]*
ions. The possible formation mechanism of the ZnO nanoflowers was discussed on the basis of the
experimental data as follows. First, [Zn(OH),4]* ions were formed around the electrode; the surface of
the Zn electrode formed ZnO by the steam corrosion at a high temperature, as shown in equation (1) and
the product ZnO reacted with the hydroxide ions and water to produce the [Zn(OH)4]* ions [see
equation (2)]. Secondary, [Zn(OH)4]* ions transferred from the electrode surface to the area of low

temperature. Then, solid ZnO crystallized with a decrease in temperature via reaction (3). According to

the thermodynamic calculation of reaction (3), the reaction easily proceeds at a low temperature.

H,0 + Zn(s) —  ZnO(s) + Ha(g) (1
ZnO(s) + H,O +20H —  [Zn(OH)4* )
[Zn(OH)4]* —  ZnO + H,0 +20H (3)
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Because of the high growth rate along the [0001] direction [[24, 28, 35]], ZnO crystals grew
preferentially along the [0001] direction to form many nanorods. In contrast, with an increase in the
electric power, the electrode temperature became sufficiently high to melt the cathode (melting point of
Zn = 692.68 K); the electrode melting resulted in coarse particles. The abovementioned discussions on

the possible formation mechanism of the products are summarized in Figure 5.

11



Conclusions

In this paper, the synthesis of ZnO nanocrystals using a solution plasma was studied. In the
experiments, we applied an electric voltage from 42 to 200 V to the electrodes of both Zn and platinum
in a K,COs solution with different concentrations ranging from 0.01 to 5.00 M, and observed the
products by using a SEM and TEM. The following conclusions were derived:

1. A high voltage was required to maintain the plasma near the Zn electrode at a low electrolyte
concentration. The SEM and TEM observations demonstrated that the product morphology
depended strongly on the concentration, C, and the voltage, V; that is, no product was obtained
when (C, V) = (=1.0 M, =60 V), nanoflowers when (C, V) = (1.0 M, 66 V), (0.5 M, 80 V),
(0.1 M, 105 V), and coarse particles when (C, V) =(=0.1 M, =110 V).

2. According to the SEM, TEM, and SAED patterns, the nanoflowers consisted of many nanorods
(size: <100 nm) and exhibited a wurtzite structure of ZnO and a [0001] orientation in the growth
direction.

3. The synthesis route of ZnO nanoflowers was explained by the precipitation of the Zn(OH);*

ions.

The results will also offer many benefits for producing nanoflowers of various oxides from precursor

using simple equipment and production of ZnO in easily and quickly.
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Figure captions

Figure 1. Schematic representation of the experimental apparatus of plasma electrolysis for the synthesis

of Zn nanoparticles.

Figure 2. (a) Formation mechanism of nanoparticles during solution plasma. (b) Concentration
mechanism of current. If the temperature at a certain point is larger than in the surrounding area, the
conductivity of plasma becomes high. The current increased induced by the high conductivity. The spot

of current concentration was heated extra. Eventually, the cathode melted and formed nanoparticles.

Figure 3. SEM images of products obtained under different conditions of K,COs concentration and
charged electric voltage. High K,COj; concentration and low electric voltage induced the production of

ZnO nanoflowers.

Figure 4. (a) TEM image of a ZnO nanorod peeled from the ZnO nanoflower (1.0-M K,COs, 66 V 44

W) and its corresponding SAED pattern. (b) High-resolution TEM image.

Figure 5. Images of ZnO synthesis via solution glow discharge.
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Table

Table | Experimental parameters and corresponding morphology of final products

Concentratio Voltage/V Power/W
n Plasma  Maintaine Maintaine ~ Morphology

/ kmol m® Formation d Breakdown d
5.00 - 42 - 29 No product
2.00 50 50 52 28 No product
1.00 54 60 97 30 No product
1.00 48 66 98 44 Nanoflowers
0.50 75 80 160 48 Nanoflowers
0.10 89 105 112 47 Nanoflowers
0.10 84 110 103 66 Coarse particles
0.01 190 200 245 168 Coarse particles
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Concentration Voltage/V Power/W

/ kmol m™ Plasma Maintained ~ Breakdown Maintained Morphology

Formation
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