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CHAPTER I

INTRODUCTION

Nanosized materials have been attractive in their potential uses for both
interconnect and functional units in fabricating electronic, optoelectronic, elechemical
and electromechanical nanodevices. In the past few years, many efforts have been
devoted to develop various nanoscaled materials. The change in electrical and optical

properties are target for wide varieties of potential applications.

Zinc oxide (ZnO) is a polar inorganic crystalline material with many
applications, mostly as electronic and photonic materials, because of its wide direct
band gap of 3.37 eV (Liu et al., 2003). Potential applications of ZnO include UV
photodetection, transparent electronics, humidity sensors, gas and chemical sensors,
microlasers, memory array, coating, catalysts, and biomedical applications (Zhang et
al., 2005). For these applications, it is preferred that size and shape of ZnO are
controlled (Fan et al., 2004).

There have been numerous reports on the synthesis of ZnO nanostructures.
ZnO is probably the richest family of nanostructures among all materials, both in
structures and properties. Various processes have been applied to synthesize ZnO
nanowire arrays, such as metal organic chemical vapor-phase epitaxy (MOCVD),
infrared irradiation, thermal evaporation and thermal decomposition, laser assisted
vapor-liquid-solid growth, electrochemical deposition, sol-gel method and
hydrothermal process. Among them, the vapor-based routes, such as thermal
evaporation, MOCVD, and laser assisted vapor-liquid-solid growth show a great
versatility in synthesizing various ZnO nanostructure. Up to now, various ZnO
nanostructures, including nanowires, nanobelts, tetrapods nanobridges and nanonails,
nanopropellers, hierarchical nanostructure, nanowall, nanorings and nanosprings,

nano-polyhedral cages and shells, have been synthesized. In the vapor-based route,



zinc species in vapor state come from the evaporation of pure zinc powder, zinc oxide
powders, organic compound, or the mixture of zinc oxide with other material powders.
The composition of the source materials, pressure and growth atmosphere, reaction
temperature, substrate and catalysts can drastically change the morphology and
nanostructure of grown ZnO. (Ren et al,. 2007).

A huge majority of commercial zinc oxide IS manufactured using the French
process, a four-decade old technology, which is the cheapest and highly productive
method to mass-produce ZnO (Mahmud et al., 2006). Various precursors have been
used for the gas phase synthesis of ZnO that include Zn metal, diethyl zinc and more
recently, organometallic precursors such as heterocubane. Due to its low melting point
and low cost, zinc metal precursor is preferred and has been extensively used for thin
film fabrication. However, precise size and shape control have not been achieved for
large scale synthesis of powders (Bacsa et al., 2007).

In this present work, the process parameters that lead to efficient shape control
in the synthesis of ZnO nanoparticles via the French process using zinc metal as
precursor were investigated. This research thesis aims to control the process
parameters such as evaporation temperature, carrier gas flow rate (nitrogen gas),
concentration of oxygen in the system, amount of zinc vapor and oxidation time.
Dependence of size and shapes of ZnO nanoparticles on such operating parameters
was investigated and discussed.



Objectives of research

1. To investigate effects of process parameters on the morphology of ZnO

synthesized by the French process.

2. To propose the growth mechanism of zinc oxide nanoparticles based on the

experimental results.

Scopes of research

1. Determine optimum conditions for the preparation of ZnO nanoparticles via

the French process by varying

Temperature of reaction

Flow rate of carrier gas

Concentration of oxygen in the system
Amount of zinc vapor

Oxidation time

2. The ZnO nanoparticles will be characterized by the following techniques

X-ray Diffraction (XRD) for determining lattice parameters.
Scanning Electron Microscopy (SEM) for to observing the size and
shape of ZnO.

Benefits of research

1. Understand the optimum process conditions for zinc oxide nanoparticles

synthesis via the French process.

2. Understand the growth mechanism of zinc oxide nanoparticles.



CHAPTER I

FUNDAMENTAL KNOWLEDGE AND LITERATURE REVIEW

2.1 Zinc Oxide (ZnO)

Zinc oxide is a unique modern material. It has such an array of properties that
it continues to increase in usefulness in many of the ever-widening fields of science
and technology. It is a chemical compound with formula ZnO. It is nearly insoluble in
water but soluble in acid or alkalis. It is a fluffy, white powder commonly known as
zinc white as shown in Figure 2.1. Crystalline ZnO exhibits the piezoelectrice effect
and its color will change from white to yellow when heated, and come back to white
when cooled down. ZnO will decompose into zinc vapor and oxygen at around
1975°C.

Figure 2.1 Zinc oxide powder



2.2 Crystal Structure and Lattice Parameters of Zinc Oxide

At ambient pressure and temperature, ZnO crystallizes in the wurtzite
structure, as shown in Figure 2.2. This is a hexagonal lattice characterized by two
interconnecting sublattices of Zn®** and O such that each Zn ion is surrounded by a
tetrahedral of O ions. In addition to the wurtzite phase, ZnO is also known to
crystallize in the cubic zinc blende and rocksalt structures, which are illustrated in
Figure 2.3. Zinc blende ZnO is stable only by growth on cubic structures, while the
rocksalt structure is a high-pressure metastable phase forming at pressure about 10
GPa, and can not be epitaxially stabilized. Theoretical calculations have indicated that
the wurtzite form is energetically preferable compared to zinc blende and rocksalt.

Zn atom —» {

<+— (O atom

Figure 2.2 The hexagonal wurtzite structure of ZnO.

Ref: www.answers.com

O atom

Zn atom N ]

Zn atom

(@) (b)

Figure 2.3 The rock salt (a) and zinc blende (b) phase of ZnO.

Ref: www.chem.ox.ac.uk and www.icis.cnr.it




2.3 Properties of Zinc Oxide

Zinc oxide is an n-type semiconductor with a band gap of 3.37 eV and the free
exciton energy of 60 meV, which makes it very high potential for room temperature
light emission. This also gives zinc oxide strong resistance to high temperature
electronic degradation during operation. Therefore, it is attractive for many
optoelectronic applications in the range of blue and violet light as well as UV devices
for wide range of technological applications. Zinc oxide also exhibits dual
semiconducting and piezoelectric properties. The other properties are given in
Table 2.1.

Table 2.1 Properties of wurtzite zinc oxide

Property Value

Lattice parameters at 300 K

a 0.32495 nm
c 0.52069 nm
alc 1.602 (ideal hexagonal structure is 1.633)
Density 5.606 g/cm?
Melting point 1975°C
Thermal conductivity 130 W/m.K
Linear expansion coefficient (/°C) a:6.5x10°
c:3.0x10°
Static dielectric constant 8.656
Energy gap 3.37 eV, direct

Exciton binding energy 60 meV




Zinc oxide occurs in nature as mineral. Zinc oxide is prepared in industrial
scale by vaporizing zinc metal and oxidizing the generated zinc vapor with preheated
air. Zinc oxide has numerous industrial applications. It is a common white pigment in
paints. It is used to make enamel, white printing ink, white glue, opaque glasses, and
floor tiles. It is also used in batteries, electrical equipments, piezoelectric devices,
cosmetics, dental cements, and pharmaceutical applications such as antiseptic and
astringent. Other applications are the use as flame retardant, and UV absorber in
plastics. Nevertheless, the current major application of zinc oxide is in the preparation

of most zinc salts.

2.4 Commercial ZnO Synthesis

2.4.1 French Process

In French process zinc metal is vaporized in suitable containers by external
heating, after which the vapor is burned in air in an adjoining off-take pipe or
combustion chamber to form fine zinc oxide powder. Temperature and speed of
mixing of air and vapor are important factors in the control of particle size. The higher
temperature bring about the finer particles size of the resulting ZnO product. For the
commercial practice, the system (Figure 2.4) is consisted of a graphite crucible placed
inside a cylindrical firebrick furnace. The design is a muffle type whereby hot flame
from a burner heats up the crucible by convection, and heat is transferred to the zinc
ingots (inside the crucible) via conduction through the graphite lining. Zinc melts at
420°C with heat of fusion of 6.67 kJ/mol, boils at 907°C with heat of vaporization of
114.2 kJ/mol, and its critical temperature is 3107°C. The crucible is covered with a
graphite lid in order to pressurize the zinc vapor trapped inside the crucible. Once the
lid orifice is removed, the pressure difference causes the zinc vapor to purge out and it
is instantaneously oxidized by ambient air. The zinc vapor has a nozzle temperature of
1100-1400°C and a nozzle speed of about 8-12 m/s (calculated). An enclosure is
sometimes built around the combustion chamber in order to control the oxygen-to-zinc

ratio and to stabilize the temperature.



Oxidation of zinc oxide and the growth of zinc oxide crystals take place in the
combustion area. The temperature from 1100°C to 800°C drop within seconds between
the crucible orifice and the top part of the conical suction hood (Figure 2.4(a)). Despite
the highly nonuniform crystallization nature of this rapid subminute growth process, a
large variety of nanostructure of ZnO, which includes nanorods, nanoplates,
nanoboxes, irregularly shaped particles (ISPs), polyhedral drums and nanomallets can
be formed. Mahmud et al. synthesized ZnO by the French process. The morphologies
of ZnO were rod, polyhedral drum, irregularly-shaped particles, nanoplate, nanobox,
and nanomallet [Mahmud et al. 2005].

Figure 2.4 (a) Schematic of French process furnace and (b) furnace in operation.
[Mahmud et al. 2005]

The powder is collected by filtration through a multiplicity of textile bags.
Frequent shaking of the bags prevents excessive cake build-up and drops the oxide
into collection receptacles. In some plants, the baghouse is preceded by a series of
settling chamber or baffled tunnels, in which the bulk of the production is collected. In
either case, the oxide can be collected on a grade basis. The fluffiest product is

gathered at the farthest distance from the combustion area. Preparation of zinc oxide



from metal permits considerable flexibility in control of particle size, particle shape,
and product purity. For example, average particle size may range from 0.1 micron to
several microns. The larger sizes are produced by maintaining the oxide at elevated

temperature for longer period of time.

2.4.2 American Process

For American process, oxidized ores or roasted sulfide concentrates are mixed
with coal (anthracite) and smelted in a Wethreill-type flat-bed or other type of furnace.
The coal and the products of partial combustion, particularly carbon monoxide, reduce
the ore to zinc vapor. In the off-take pipe, the vapor together with the gases from the
coal, are burned under controlled conditions and piped to the baghouse, where the zinc
oxide is collected. The american process oxide is characterized by the presence of
sulfur compounds in zine, such as zinc-based sulfates preferred by some producers of

rubber and paint products.

2.5 Generation of Particles by Reaction in Gas Phase

Particles synthesis from vapor phase involves the processes of seed generation
and particle growth. The processes involving in particles synthesis from the vapor
phase are summarized in Figure 2.5. Seed particles are frequently produced by a burst
of homogeneous nucleation of vapor phase species. Growth can involve the processes
of physical vapor deposition (PVD) or chemical vapor deposition (CVD) of vapor
phase species or coagulation, which is the collisional aggregation of small particles to
form larger ones. The latter process dominates when large numbers of particles are
formed in the nucleation burst. Coagulation of the solid particles often results in the
formation of agglomerates particles comprised of the large the number of smaller
primary particles. Such agglomerate formation frequently begins after a period of
coalescent coagulation in high-temperature regions of the reactor, leading to a
relatively uniform primary particle size which is sometime misinterpreted as evidence

that coalescent has ceased. Instead, coagulation accelerates once agglomerates begin
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to form due to the increased projected areas that result from agglomerate formation.
Strong bonds can form between the primary particles by solid phase sintering, leading
to hard agglomerates that are often difficult to disperse.
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Figure 2.5 Mechanisms of particle formation and growth from vapor-phase

precursors.

2.6 Synthesis of ZnO Nanostructures

Various methods have been used for the production of ZnO nanostructures.
They can be grouped in two main categories: high-temperature techniques, such as
chemical vapor deposition, pulsed-laser deposition and thermal evaporation where the
growth temperature is higher than 400°C, and chemical solution methods at around
100°C. The first category utilizes expensive equipment and is energy consuming,
while the latter often requires liquid-phase coating of the substrates with ZnO seeds,

which is a quite complex procedure.
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2.6.1 Vapor Transport Synthesis

The most common method to synthesize ZnO nanostructures utilizes a vapor
transport process. In such a process, Zn and oxygen are transported and react with
each other, forming ZnO nanostructures. There are several ways to generate Zn and
oxygen vapor. Decomposition of ZnO is a direct and simple method, however, it is
limited to very high temperature (~1400°C). Another direct method is to heat up Zn
powder under oxygen flow. This method facilitates relative low growth temperature
(500-700°C), but the ratio between the Zn vapor pressure and oxygen pressure needs
to be carefully controlled in order to obtain desired ZnO nanostructures. It has been
observed that the change of this ratio contributes to a large variation on the
morphology of nanostructures. The indirect methods to provide Zn vapor include
metal-organic vapor phase epitaxy, in which organometallic Zn compound, diethyl-
zinc for example, is used under appropriate oxygen of N,O flow. Also in the widely
used carbothermal method, ZnO powder is mixed with graphite powder as source
material. At about 800-1100°C, graphite reduces ZnO to form Zn and CO/CO; vapors,
which later react together and result in ZnO nanocrystals. The advantages of this
method lie in that the existence of graphite significantly lowers the decomposition
temperature of ZnO.

There are several processing parameters such as temperature, pressure, carrier
gas (including gas species and its flow rate), substrate and evaporation time period,
which can be controlled and need to be selected properly before and/or during the
thermal vaporization. The selection of source temperature selection mainly depends on
the volatility of the source materials. Usually, it is slightly lower than the melting point
of the source material. The pressure is determined according to the evaporation rate or
vapor pressure of the source materials. The local temperature determines the type of
product that will be obtained. It is also noted that the thermal evaporation process is

very sensitive to the concentration of oxygen in the growth system.
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2.6.1.1 Effect of Reaction Temperature

Singh et al. (2005) investigated the nucleation and growth of zinc oxide
nanostructure in a catalyst free synthesis. The ZnO nanostructures were formed by
evaporation of Zn in O, and Ar atmosphere in a single-zone furnace under two
temperature regions, region A (~1173-1073 K) and region B (~873-773 K). The ZnO
in this investigation were nanotetrapods, nanorods, nanoflowers, and nanostructures.
Initially ZnO was formed and transformed to ZnOy through the loss of oxygen leading
to the creation of oxygen vacancies. The evidence for the formation of ZnOyx was
found through variation of lattice parameters determined from XRD pattern. The ZnOy
nuclei lead to the growth of several ZnO nanostructures. The formation of various
ZnO nanostructures have been advanced in terms of formation of ZnOy and

their distributions, as well as temperature and oxidation conditions.

Bacsa et al. (2007) studied the process parameters that lead to efficient shape
control in the synthesis of high purity mono-disperse and non-agglomerated nanorods
of ZnO via a one-step gas-to-particle conversion in an aerosol using zinc metal as
precursor. The process parameters that controlled shape of ZnO in the synthesis were
temperature of the zinc vapor, and the use of a cross flow of air that oxidizes Zn metal,
which also prevented agglomeration. Zn metal powder was evaporated at various
temperatures (850-950°C) under argon atmosphere. After the temperature was stable at
the desired value, air (500-3000 sccm) was introduced into the furnace and the argon
flow was increased to 1300 sccm. The synthesized ZnO consisted of tetrapod-type
particles where needles grow from a faceted seed particle. The other was rod-like
structure growing outward from plates. The nanorods had diameters varying from 8-30
nm at their tips and they were over 1 um in length. From transmission electron
microscopy images of ZnO nanorods, single crystal of nanorods was observed. The
nanorod show ten times higher absorption for UV radiation when compared to

commercial nanoscale ZnO powders.
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Singh et al. (2007) synthesized nanotetrapods and nanorods by a simple
thermal evaporation of Zn powder under simultaneous flow of oxygen and argon gases
in two-zone furnace in two different temperature regions. ZnO nanotetrapod-like
structure was formed in region | where the growth temperature was 850-700°C. It can
be noticed that highly uniform tetrapod-like nanostructure was formed. They were
consisted of four nanorod (arms) with the diameter varying from ~60-150 nm and
length from ~1-4 um. ZnO nanorods were found to grow in region Il where growth
temperature varied from ~500 to 400°C. The diameter of ZnO nanorods normally
ranged from ~30 to 60 nm and their length from ~2 to 5 um. High growth temperature
resulted in large-diameter ZnO nanotetrapods whereas low temperature region resulted

in the formation of small diameter of ZnO nanorods.

2.6.1.2 Effect of Carrier Gas

Chen et al. (2004) synthesized zinc oxide nanoparticles by varying carrier gas
flow rate in the carbothermal reduction process. As the carrier gas flow rate was
increased to 50 sccm, uniform tetrapod-shaped ZnO crystals were formed on inner
wall of the quartz tube located downstream of the carrier gas. The diameter of the
tetrapods legs was about 250-800 nm, and they were 700 nm to 2 um in length.
Reduction of the dimensions of the tetrapods could be achieved by increasing the
carrier gas flow rate to 70 sccm. When the carrier gas flow rate was further tuned to 90
sccm, ZnO nanowires were fabricated on the inner wall of quartz tube. The diameter
of the nanowires ranged from 60 to 120 nm and their lengths were 10-40 pum.
Consequently, the morphology of the products could be controlled by adjusting the

carrier gas flow rate.

Cheng et al. (2006) synthesized zinc oxide tetrapod-like nanostructures by
thermal evaporation of Zn powder at different flow rates of argon (150, 180, or 240
sccm). Results showed that the flow rate of argon gas had a comparatively great
influence on the morphology of ZnO nanostructures. As the flow rate was increased,
morphology of nano-ZnO changed from an initial mixture of tetrapod, nanowire,

nanosheet, and nanodendritic forms to a uniform tetrapod-like morphology. At the
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lower flow rate of 150 sccm, it was found that the morphologies of nano-ZnO were
disordered, consisting of nanowires, nanodendrites, nanosheets, and nanoparticles. At
the rate of 180 sccm, the main as-grown product was multipod-like ZnO, including
four-leg, five-leg, or six-leg forms. When the rate was increaseed to 240 sccm,

tetrapod-like nanostructures with uniform morphology were obtained.

2.6.1.3 Effect of Oxygen Concentration

Ramgir et al. (2006) synthesized ZnO nanostructures using pure Zn metal. Zn
metal was heated at a temperature of 950°C for 2 h. A flow rate of 100 sccm of Ar and
20 sccm of O, (20% v/v) resulted in a novel multipod structure that was collected an a
substrate kept downstream, where the temperature was between 200 and 500°C. The
number of arms of the multipods was between 4 and 16. All arms had a common
origin with varying length from 10 to 80 um. In addition, the white fluffy microwires
were collected on the substrate containing the Zn vapor source. The wires were
polydispersed in nature with width varying from 200 nm to 3 um and length from 50
to 200 um. At slightly lower flow rate of 5% (v/v) of O,, ZnO spheres were collected
as a gray powder at the same temperature zone. These structures were polydispersed in
nature with size varying between 200 nm and 5 um. The amount of oxygen in the gas

mixture was found to govern the final structure of ZnO.

Park et al. (2006) studied formation of ZnO nano-wire by a thermal
evaporation method. Zn granules were placed in an alumina boat. The boat was
inserted in a horizontal tube furnace. The furnace temperature was maintained in the
range of 700-1000°C for 0.5-2 h. The oxygen contents were adjusted from 0.5 to 5
vol% by mass flow controller. ZnO nanowires were synthesized by changing oxygen
content in the purging gas. ZnO nanostructures were produced when oxygen content in
the carrier gas was about 1.6-2.0 vol% O,, while it was not produced when oxygen
contents was above 2.5 vol%. Several different types of ZnO were formed at various
temperatures. ZnO nanorod, ZnO nanowire, and ZnO nanoneedle were synthesized at
700, 800 and 900°C, respectively. Shape of the nanostructure was changed from rod to

wire and then needle as the temperature was increased. ZnO nanostructures showed
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different PL properties depending upon their morphology. Nanowire emitted strong
light in the green visible region, nanorod emitted strong light in the blue and

ultraviolet region.

Wang et al. (2008) studied the effects of oxygen partial pressure on the
microstructures and photocatalytic activity of ZnO nanoparticles prepared by
evaporation-condensation method. In the experiment, the inner temperature of the
chamber was fixed at a constant 1273 K, whereas the oxygen partial pressure was
maintained at different levels (700-800, 1500-1600, 1800-1900 and 2200-2300 Pa) by
adjusting the gas flux ratio of Ar:O,. ZnO nanoparticles obtained were mixture of two
different shapes: a majority of irregular-shape particles and few tetrapod particles. The
average diameter of the irregular-particles was about 100 nm. The branch of the
tetrapod particles prepared at oxygen partial pressure of 700-800 Pa was longer and
smaller than that prepared at higher oxygen partial pressure ranging from 1500 to 2300
Pa, indicating the potential effects of oxygen partial pressure on shape of the products.
XPS peaks comparing ZnO samples prepared at 700-800 and at 2200-2300 Pa showed
that the quantity of oxygen vacancies on the surface of ZnO nanoparticles decreased
gradually with the increase of oxygen partial pressure from 700 Pa to the highest
valure of 2300 Pa. Furthermore, the optimal photocatalytic activity was observed at
the products prepared at 1800-1900 Pa, which indicated that the optimum content of
surface oxygen vacancies was repaired for expected in the heterogeneous

photocatalysis.

2.6.1.4 Effect of Substrate

Xu et al. (2004) synthesized ZnO nanowires and nanorod arrays on various
substrates by thermally evaporating and oxidizing the ZnCl, powder at 350-500°C,
using a method based on the vapor-phase transport process. Gold- and copper-coated
silicon slices were put downstream at the opening of the inner slender quartz tube. The
temperature of the substrates was set to 500°C. The temperature of the source region
was 350°C. A grey layer of product covered the surface of the substrate surface after

30 min reaction. The nanowires grown on gold-coated silicon showed a uniform
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diameter of about 40 nm, and the nanorods on copper-coated silicon grew upwards to
from flower-like arrays. From the PL spectrum, the nanorods fabricated on Cu-
catalysed substrate radiated strong UV emission, in addition to the green light which
was emitted at much higher intensity green than that for nanorods on the Au-catalysed
substrate. This indicated that more defects existed in the nanorod array fabricated on

Cu-coated silicon wafer.

Sun et al. (2008) synthesized ZnO microtube arrays on a Si substrate coated
with a composite of fluororesin and SiO; powder by making use of a simple one-step
thermal evaporation process. The commercial Zn powder was heated to 650°C at a rate
of 50°C/min, and kept at 650°C for 15 min. Grayish ZnO products were formed on the
substrate. The ZnO tubes with an outer diameter in a range of 1-3 um had a length of
several tens micrometers. The wall thickness was in the range from 0.5 um to 1.5 pm.
It was found that fluororesin was the most important factor for the growth of the ZnO
microtubes, and the well-aligned ZnO tubes could be fabricated when the thickness of
the composite coating was between 0.1 mm and 1 mm. This novel approach in which
fluororesin was adopted to tune the growth of ZnO crystals may become one of the
effective methods to control the shape of ZnO nano- /micro-size structures.

2.6.2 Other Synthesis Methods

Although the vapor transport process is the dominant synthesis method for
growing semiconducting nanostructures such as ZnO, GaN and Si nanowires, other
growth methods such as electrodeposition, sol-gel, polymer assisted growth have been
developed in parallel. These methods provide the possibility of forming ZnO
nanostructures at low temperature. For example, in an electrodeposition method,
anodic aluminum oxide membrane (AAM) with highly ordered nanopores has been
used as a template for the growth of zinc nanowires array via electrodeposition. Then
the nanowire array can be oxidized at 300°C for 2 hours to obtain ZnO nanowire array
[Y. Li et al (2000)]. In a sol-gel synthesis method, AAM has also been used as the
template that was immersed into a suspension containing zinc acetate for 1 minute,

then heated in air at 120°C for 6 hours. ZnO nanofibers were eventually obtained after
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removing the AAM template [Miao et al (2002)]. This sol-gel process was further
improved by an electrochemical method in order to obtain nanorods with diameter
smaller than 50 nm. These methods are complementary to the vapor transport
synthesis of ZnO nanostructure, and also employ less severe synthesis conditions,

which provide great potential for device application.

2.7 Condensation and Evaporation

The formation and growth of aerosol particles by condensation is the principal
method of aerosol production in nature and is the most important mass-transfer
process between the gas phase and the particulate phase. This process usually requires
a supersaturated vapor and is initiated by the presence of small particles (nuclei) or

ions that serve as sites for particle formation.

2.7.1 Homogeneous Nucleation

Homogeneous nucleation Is the formation of particles from a supersaturated
vapor without the assistance of condensation nuclei or ion. The process is also call
self-nucleation. This type of particle formation is rare for water vapor in the
atmosphere, but it can be readily produced in the laboratory to study the process of
formation and growth. Even in unsaturated vapor, the attractive forces between
molecules, such as van der waals forces, lead to the formation of molecular clusters.
The clusters are formed continuously, but they are unstable and continuously
disintegrate. When the vapor is supersaturated, the number concentration of clusters
increases to the point where they collide with one another frequently. This process is
similar to coagulation, except that the “agglomerates” disintegrate soon after being
formed. The greater the supersaturation, the greater the number concentration of
clusters and the more frequent is the formation of transient “agglomerates” having a
size exceeds d* (d* is Kelvin diameter). Once such an “agglomerate” exceeds d*, even
momentarily, it becomes stable and grows by condensation to form a large particle.
For a given temperature, the supersaturation required for this event to happen occurs at
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a well-defined point called the critical saturation ratio. In photochemical smog
formation, certain gas phase reactions are promoted by ultraviolet light and form low-
vapor-pressure reaction products. Because of their low vapor pressure, these products
exist at high supersaturation and form particle by homogeneous nucleation. When an
increase in aerosol mass concentration occurs in the atmosphere by this mechanism, it

is called gas-to-particle conversion.

Since a stable droplet is formed when the droplet diameter exceeds d* for a
particular saturation ratio. The droplet has passed a threshold and will grow by
condensation. The rate of growth depends on the saturation ratio, particle size and
particle size relative to the gas mean free path. When a particle first starts to grow, its
size will likely be less than the mean free path. For this condition, the rate of particle
growth is governed by the rate of random collisions between the particle and the vapor
molecules. For particles larger than the gas mean free path, the growth depends, not on
the rate of random molecule collisions, but on the rate of diffusion of molecules to the

droplet surface.

2.7.2 Heterogeneous Nucleation

Heterogeneous nucleation or nucleated condensation IS a process of particle
formation and growth that is promoted by the presence of condensation nuclei or ions.
Whereas the homogeneous nucleation usually requires saturation ratio of 2-10, the

heterogeneous nucleation can occur at supersaturations of only a few percent.

Insoluble nuclei can provide a passive site for the condensation of
supersaturated vapor. At a given level of supersaturation, an insoluble nucleus with a
wetable surface will have an adsorbed layer of vapor molecules on its surface. If its
diameter is greater than d*, the nucleus will behave like a droplet of that size and grow
by condensation. However, the actual situation is more complicated because ability of
particle to nucleate condensation depends on many factors, including its size, shape,

chemical composition, surface structure and surface charge.
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2.7.3 Evaporation

Evaporation is the process whereby atoms or molecule in a liquid state (or
solid state if the substance sublime) gain sufficient energy to enter the gaseous state.
The thermal motion of a molecule of liquid must be sufficient to overcome the surface
tension and evaporate, that is, the kinetic energy must exceed the work function of
cohesion at the surface. Evaporation therefore, proceeds more quickly at high
temperature, at higher flow rates between the gas and liquid phase and in liquid phase
with lower surface tension (i.e. higher vapor pressure). Because gas has less order
than liquid or solid, and thus the entropy of the system is increased, which always
required energy input.  These mean that the enthalpy change for evaporation

(AHevaporation) 1S @lways positive. So evaporation is a cooling process.

Factors that influence rate of evaporation include:

- Concentration of the substance evaporating in the air. If the air already has a
high concentration of the evaporating substance, then the given substance will
evaporate more slowly.

- Concentration of other substances in the air. If the air is already saturated
with other substances, it can have a lower capacity for the evaporating substance.

- Flow rate of air or any gas. This is in part related to the concentration pointed
above. If the fresh air is moving over the substance all the time, then the concentration
of the substance in the air is less likely to go up with time, thus encouraging faster
evaporation. In addition, molecules in motion have more energy than those at rest. So,
the stronger the flow air, the greater the evaporating power of the air molecules.

- Temperature of the substance. If the substance is hotter, then evaporation
will become faster.

- Inter-molecular force, the stronger the forces keeping the molecules together
in the liquid or solid state, the more energy that must be input in order to evaporate

them.
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2.8 Growth Mechanisms of ZnO

According to the difference in nanostructure formation mechanisms, the
extensive used vapor transport process can be categorized into the catalyst free

vapor-solid (VS) process and catalyst assisted vapor-liquid-solid (VLS) process.

2.8.1 Vapor-Solid Process

Synthesis utilizing VS process is usually capable of producing rich variety of
nanostructures, including nanowires, nanorods, nanobelts and other complex
structures. In this process, the nanostructures are produced by condensing directly
from vapor phase. For ZnO synthesis via VS process, Zn atoms were continuously
evaporated from the source material during the heating process. In the presence of
oxygen, the Zn vapor absorbs on the surface of a reactor quartz tube and reacts with
oxygen to form ZnO nuclei. As the reactant concentration increases, the ZnO nuclei

individually grows in upward direction in the form of nanostructures.

Sekar et al. (2005) synthesized ZnO nanowires by oxidation of Zn-coated
substrate at 600°C. Sea-urchin-like nanostructure, consisting of straight nanowires of
ZnO with blunt faceted ends and a sudden reduction in diameter projecting out, was
observed. This structure had diameters of 30-60 nm and lengths of 2-4 um. The crystal
growth mechanism consists of two stages, I.e., nucleation and growth. When the Zn-
coated Si (1 0 0) substrate is heated at 500°C, the metal Zn powders were first melted
and aggregated to form the micro-sized Zn nucleus on the surface of the Si substrate.
After the introduction of oxygen into the reaction chamber at 600°C, the oxygen
reacted with the outer surface of the previously formed Zn nucleus and formed
nanosized ZnO nuclei on the surface of these Zn nucleus. Since a metal catalyst was
not used, a liquid alloy was not formed. Instead, as the aggregated Zn nucleus became
supersaturated, the liquid Zn reacted with oxygen and formed ZnO nuclei at the
interface. These ZnO nuclei individually grew in the upper direction in the form of
ZnO nanowires. The nuclei thus played a crucial role in the growth of ZnO nanowires,

which grew till the Zn source was almost used up. So, from each zinc droplet, there is
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an origination of several ZnO nanowires which leaded the formation of the sea-urchin-

like structure.
2.8.2 Vapor-Liquid-Solid Process

Controlled growth of ZnO nanowires/nanorods/nanotubes has been achieved
by catalyst assisted VLS process. In this process, various nanoparticles or nanoclusters
are used as catalysts, such as Au, Cu, Co, and Sn. Figure 2.6 shows a schematic
representation of a typical VLS process. The formation of eutectic alloy droplet occurs
at each catalyst site, followed by the nucleation and growth of solid ZnO nanowire due
to the supersaturation of the liquid droplet. Incremental growth of the nanowire taking
place at the droplet interface constantly pushes the catalyst upward. Thus, such growth
method inherently provides site-specific nucleation at each catalytic site. The typical
characteristic of VLS process is the presence of metal particles capped at the end of

grown structures.
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Figure 2.6 Schematic of VLS process [Zhiyong Fan and Jia G. Lu].
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Xu et al. (2004) synthesized ZnO nanowires and nanorod arrays fabricated on
various substrates (gold-coated silicon and copper-coated silicon) by thermally
evaporating and oxidizing the ZnCl, powder at 350-500°C, by a method based on the
vapor-phase transport process. The growth process of the catalyst-assisted
nanostructural crystals followed the vapor-liquid-solid (VLS) mechanism in general
With a temperature of 350°C, ZnCl, powder at the source region was evaporated and
carried into the higher temperature region. On the substrate surface, the vapor reacted
with metallic catalyst and condensed into liquid zinc-alloy catalyst nanodroplet. Each
droplet acted as a nucleus that was energetically favored to adsorb incoming zinc
vapor and further influenced the morphology of the ZnO nanostructures. When the
droplet became supersaturated, the metallic zinc recombined with oxygen to form ZnO

nanocrystals and further grew epitaxially into nanorods and nanowires.



CHAPTER I

EXPERIMENTAL

The synthesis of zinc oxide nanoparticles by French process using zinc as
source material is explained in this chapter. The chemicals, samples preparation and

characterization techniques are also explained.

3.1 Raw Material

Zinc foils as shown in Figure 3.1, which were used as raw materials for the
synthesis of ZnO in this research, were obtained from Univenture Co., Ltd. The purity
of zinc is higher than 99.995%.

Figure 3.1 Zinc foils as raw material.
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3.2 Experimental Procedures

ZnO nanoparticles were synthesized by thermaly evaporating Zn foils and
consequently reacting with oxygen in air without the presence of catalyst. The system
was consisted of a ceramic tube reactor (110 cm in length, 6.2 cm in the outer
diameter) placed inside a horizontal tube furnace, as shown in Figure 3.2. The number
of smaller ceramic tubes (5 cm in length, 4.8 cm in the outer diameter) were placed
inside the ceramic tube reactor to collect ZnO deposited within the system to observe
the growth mechanism of ZnO. One end of the ceramic tube was connected to gas
inlets and the other end was connected to a rotary vacuum pump through a series of
product collecting means, i.e., a dry chamber, a wet chamber and filters respectively,

as shown in Figure 3.3-3.4.

Figure 3.2 A horizontal tube furnace and a ceramic tube reactor.
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Figure 3.3 Dry chamber and wet chamber for collecting the product coming out from
the reactor.

Figure 3.4 Two filter holders installed at the outlet of the collecting chamber.
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The whole system is shown in Figure 3.5. For each experiment, about 7 g of
zinc foils were loaded into an alumina boat placed at the center of the horizontal tube
furnace which is an evaporation zone. Then the reactor was evacuated to the low
pressure and subsequently filled with nitrogen gas back to 1 atm before heating up to
desired temperature. Nitrogen gas was also continuously supplied to the reactor during
the heat up process to purge residual oxygen in reactor. When the furnace reached the
desired temperature, air was supplied to the reactor to initiate the reaction. The flow
rate of both nitrogen and air were controlled by flow meters. The pressure within the
system was kept at 1 atm by means of the vacuum pump. After 2 h, the oxygen supply

was cut off and the furnace was cooled down to room temperature.
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Figure 3.5 Schematic diagram for the experimental set up.
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The investigation of this work was separated into 5 parts as follow.

3.2.1 The Effect of Evaporation Temperature

In this part, the effects of zinc evaporation temperature on morphology, size
and particle size distribution of the synthesized ZnO were studied. Therefore, the
temperature of the tube furnace used for the synthesis of ZnO nanoparticles was varied
from 600, 700, 800 and 900°C. The flow rates of nitrogen gas and air were kept
constant at 5 L/min and 0.6 L/min, respectively.

3.2.2 The Effect of Nitrogen Flow Rate

The nitrogen flow can dilute the partial pressure of zinc that subsequently
affects morphology of the synthesized ZnO. Therefore, nitrogen flow rate was varied
to investigate this effect. The maximum and the minimum flow rate were 5 and 3
L/min, respectively. For this set of experiment, the zinc evaporation temperature was

fixed at 800°C and air flow rate was kept at 0.6 L/min.
3.2.3 The Effect of Oxygen Concentration

According to literature reviews, the oxygen concentration could determine the
ratio of reactant which affects the synthesized ZnO. Thus, oxygen concentration was
also varied in our experiment set up (1, 1.5 and 2 % by mole). The evaporation

temperature was fixed at 800°C for these experiments.



28

3.2.4 The Effect of Amount of Zinc Vapor

The effect of amount of zinc vapor was studied by varying the cross sectional
area of the alumina boat at 4, 12, and 20 cm? respectively. The zinc evaporation
temperature was fixed at 800°C at the heating rate of 10°C/min. The reaction was
conducted for 5 min, whereas air and nitrogen flow rate was kept at 0.6 and 5 L/min

respectively.

3.2.5 The Effect of Oxidation Time

The effect of oxidation time was studied by varying the feeding time of air at
1 and 30 min. The zinc evaporation temperature was fixed at 800°C at the heating rate

of 10°C/min. Air and nitrogen flow rate was kept at 0.6 and 5 L/min respectively.
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3.3 Sample Characterization

The instruments used to characterize properties of the synthesized ZnO
included Scanning Electron Microscope (SEM) model Hitachi S-3400N,
X-ray Diffractometer (XRD) model SIEMENS D5000, and Particle Size Distribution
Analysis (PSD) Mastersizer S, respectively.

3.3.1 Scanning Electron Microscopy (SEM)

Morphology and size of the synthesized zinc oxide were observed by using
SEM at a research laboratory collaborated between Mektec Manufacturing
Corporation (Thailand) Ltd and Chulalongkorn University. SEM specimens were
prepared by taking the ZnO powder on SEM substrate, and then directly placing the
piece onto a conductive platinum coated microscope grid. The specimens were loaded
into a sample chamber, and observations were immediately started using image
catcher scanner for taking the photos. A photo of the scanning electron microscopy

machine is shown in Figure 3.6.

Figure 3.6 Scanning Electron Microscope (SEM).
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3.3.2 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analysis of zinc oxide was performed by a SIEMENS

D5000 diffractometer at the Center of Excellence on Catalysis and Catalytic Reaction
Engineering, Chulalongkorn University as shown in Figure 3.7. The X-ray
diffractometer was connected to a personal computer with Diffract AT version 3.3
program. The ZnO sample was spreaded on the slide and then set in the equipment
which provide X-ray beam for the analysis. The measurement was carried out by using
CuKa radiation with Ni filter. The condition of the measurement is shown as
followed:

20 range of detection :  20-80°

Resolution 204 &

Number of Scan b’

( dr:lr

Figure 3.7 X-Ray Diffraction (XRD).
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3.3.3 Particle Size Distribution Analysis (PSD)

The particle size and particle size distribution of the samples were analyzed by
using laser scattering particle size distribution analyzer at the Center of Excellence on
Particle Technology, Faculty of Engineering, Chulalongkorn University as shown in
Figure 3.8. In the sample preparation, 0.2 g zinc oxide powder was added into 10 cm®
of 0.2% hexasodium metaphosphate solution, then ultrasonic for 30 min. Finally,

the prepared sample was added into 800 cm® of water and measured the particle size.

Figure 3.8 Particle size analyzer.



CHAPTER IV

RESULTS AND DISCUSSION

The aim of this research is to study the process parameters which affect the
morphology and size of ZnO nanoparticles synthesized from French process such as
effect of evaporation temperature, carrier gas flow rate, oxygen concentration, amount
of zinc vapor and oxidation time. Effect of each process variable was thoroughly

investigated and then reported and discussed in this chapter.

4.1 Effect of Zinc Evaporation Temperature (Teyp)

In French process, zinc ingots are heated at 1100-1400°C to generate zinc
vapor. The evaporation temperature is much higher than the boiling point of zinc
(907°C) so that it can generate a lot of zinc vapor. However, amount of fuel used for
the evaporation is plentiful. Moreover, high concentration of zinc vapor tends to
inhibit the formation of zinc oxide nanaparticles. Thus, we tried to investigate the
effect of zinc evaporation temperature, in the range below the boiling point of zinc, on
the morphology and size of synthesized ZnO nanoparticles. The schematic diagram of
experimental set up for this section is shown in Figure 4.1. The evaporation
temperature was varied from 600 to 900°C. Air and nitrogen gas were introduced into
the reactor at fixed flow rate 0.6 and 5 L/min respectively. Synthesized ZnO
nanoparticles were collected in the reactor tube, at the surface of the collecting
chambers and the filters. The products were characterized by SEM and XRD.
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Figure 4.1 Schematic diagram for experimental sets up for studying the effect of Teyp.

Figure 4.2 shows particle size distribution of ZnO nanoparticles synthesized at
various zinc evaporation temperature. It is found that particle size of ZnO synthesized,
using the evaporation temperature of 600°C is small than that of ZnO synthesized at
700-800°C. The average size of ZnO nanoparticles which collected at the filters
synthesized by the evaporation temperature of 600, 700 and 800°C, is 1.153, 1.453 and
1.684 um respectively. Figure 4.3 shows the XRD patterns of ZnO nanoparticles at
Tevp= 600°C, 700°C, and 800°C respectively. All diffraction peaks can be indexed to
the known hexagonal wurtzite structure of ZnO. No diffraction peak from Zn or other
impurity phases is found in any sample, confirming that the products are pure ZnO.
The crystallinity of ZnO becames higher with the increasing evaporation temperature,
witnessed from high intensity of XRD peaks.
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4.2 Particle size distribution of ZnO nanoparticles synthesized by zinc
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Figure 4.3 XRD patterns of ZnO nanoparticles synthesized various temperatures,
collected by filters: (a) Tevp= 600°C, (b) Teyp= 700°C and (c) Teyp= 800°C.
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Morphology of the synthesized ZnO nanoparticles was also determined by
scanning electron microscopy (SEM). SEM micrographs in Figure 4.4 show that ZnO
nanoparticles collected at filters is rather spherical in shape when the evaporation
temperature is 600 or 700°C. However, tetrapods are sparsely found at 700°C.
The morphology of the ZnO nanoparticles shifts from spherical into tetrapods, as the
reaction temperature is raised from 600 to 800°C. It should be noted that the highest
temperature employed in this work is still lower than the boiling point of zinc. The
increasing temperature not only affects the generation of zinc vapor, but also increases
mobility of the growth species on the surface of the crystals, which allows the growth
along the preferential c-axis and results in product as tetrapods. According to our
experimental results, it should be pointed out here that tetrapods and spherical
products are grown in two temperature regimes, namely ~800-900°C and ~600-700°C.
The diameter and length of ZnO nanoparticles were measured by an image processing
program (SemAfore 4.0), which randomly selected about 50 particles from SEM
images. The diameter of sphere varies in the range from 80 to 120 nm. The diameter
and the length of the legs of the pods are in the range of 60-90 nm and 270-350 nm,
respectively. Regarding particle size measurement techniques, PSD technique and
SEM employ different principle to measure the particle size. PSD technique uses
scattering of light from particle to calculate the particle size based on the assumption
that particles are spherical. SEM technique, on the other hand, gives the actual
morphology of the particle. Since morphology of ZnO in this research is not spherical,
the size measurement from SEM images has more representative meaning than PSD
results. However, it should be noted that the SEM images were taken from small
amount of samples, which may not totally represent the whole population of the
samples. Therefore, many SEM images were taken from one sample to ensure

uniformity of the results.
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Figure 4.4 SEM micrographs of ZnO nanoparticles collected by filter:
(@) Tewp= 600°C, (b) Tevp= 700°C, (€) Tevp= 800°C, and (d) Teyp= 900°C.

Partial pressure of zinc vapor and oxygen were calculated as shown in Figure
45. The partial pressure of zinc vapor increases when the zinc evaporation
temperature is increased. Under the Zn-rich conditions, cluster- and rod-type
nanostructures are mainly observed. On the other hand, the tetrapods are grown only
under the stoichiometric (O/Zn =1) and O-rich conditions, which strongly indicates
that the O/Zn ratio played an important role to determine the shape of nanostructures
[Jung et al. (2006)]. It has been reported that tetrapods were formed at the high
temperature and the high oxygen flow [Singh et al (2007)]. As our results, tetrapods
were found at evaporation temperature of 800-900°C whereas O/Zn ratio was set at
about 1-2. Spherical ZnO could be grown in the condition with very low zinc partial
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pressure. Therefore, morphology and size of ZnO nanoparticles are related to the zinc

evaporation temperature.
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Figure 4.5 Partial pressure of zinc vapor and oxygen by varying evaporation
temperature.

Figure 4.6 shows SEM micrographs of the deposits formed at different zones
of the reactor during the synthesis at evaporation temperature of 800°C. Powder
deposited at location 1 prior to the outlet for the supplied air is microrods. It is a result
from reaction between zinc vapor and oxygen back diffusing from the supplied tube.
The location 2 is in the reaction zone, in which the partial pressure of zinc and oxygen
is high. So, the powder at this location can grow into the tetrapods. Finally, at the
position further away from the zinc source, the zinc concentration is slightly and the
less quantity of zinc oxide is carried by nitrogen gas to deposit in this zone. Therefore,
the powder at this location can grow into the irregular (Figure. 4.6 powder 3). Figure
4.7 shows SEM micrographs of the deposits formed in the dry and wet chamber zones
at evaporation temperature of 700 and 800°C. The product at evaporation temperature
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of 600°C deposits in very small amount that it could not be collected and characterized
by SEM. The sphere and tetrapods were found at evaporation temperature of 700 and
800°C, respectively which are corresponding with the product collected at the filters.

Therefore, the product in synthesis is uniform.

Tevp = 800°C
Q= 0.6 L/'min
Drv Clean air | = | /

—>
N (1) o) (3)
Q =5 L/min — (1) (2) (3)
S
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Figure 4.6 SEM micrographs of the deposits formed in different zones of the reactor

during synthesis of ZnO at evaporation temperature of 800°C.
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Figure 4.7 SEM micrographs of the deposits formed in the dry and wet chamber
zones (a) dry chamber Teyp= 700°C, (b) wet chamber Teyp= 700°C
(c) dry chamber Tey,= 800°C, (b) wet chamber Te,= 800°C.
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4.2 Effect of Carrier Gas Flow Rate

The effect of carrier gas flow rate was studied by varying nitrogen flow rate
from 3, 4, and 5 L/min respectively. The evaporation temperature was fixed at 800°C.

Air was introduced into the reactor at fixed flow rate of 0.6 L/min.

Figure 4.8 shows SEM micrographs of ZnO products that were synthesized at
800°C by using different flow rate of the carrier gas and captured by filters. At low
flow rate of 3 L/min, it is found that the morphology of ZnO nanostructures is
disordered, consisting of nanowires, multipods, tetrapods and small fraction of
nanosheets. At the rate of 4 L/min, the main as-grown product is tetrapods and non-
uniform. Few multipods are still found in the product (Figure. 4.8b). When the rate is
increased to 5 L/min, tetrapod-like nanostructures are uniformly synthesized (Figure.
4.8c). The diameter of legs of the pods varies in the range from 60 to 80 nm.
The length of the legs becomes slightly smaller when the flow rate of the carrier gas is
increased because the retention time for the reaction is reduced. The growth time of
ZnO is decreased which make the legs cannot grow to the large legs. It should be
noted, however, that the length of the legs is not significantly affected by the flow rate.
This result indicates that the growth in length of the legs takes place quickly at the
early stage of the reaction. This is the result from the preferred growth along
c-direction of ZnO crystal. Therefore, a high flow rate of the carrying gas, while the
air flow rate is kept constant reduce the partial pressure of oxygen in the system, thus
yielding a low supersaturation of ZnO, which favors the growth of tetrapods.
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Figure 4.8 SEM micrographs of ZnO nanoparticles synthesized at Tey, = 800°C and
fixed air flow rate of 0.6 L/min. The nitrogen flow rate was varied from
(@) 3, (b) 4 and (c) 5 L/min.

Figure 4.9 shows partial pressure of oxygen at different value of nitrogen flow
rate (calculations are shown in Appendix A). The partial pressure of oxygen
investigated was in the range of 0.027-0.034 atm. As partial pressure of oxygen is in
the range of 0.022-0.027 atm, the morphology of ZnO product changes from non-
uniform shape to tetrapods. In the other words, the tetrapods are grown under low
oxygen partial pressure. Therefore, the morphology is likely linked to dynamic crystal
growth processes at different oxygen partial pressure. At low oxygen partial pressure,
ZnO crystal growth is slow. It probably undergoes toward thermodynamic equilibrium

during the growth process, which would result in regular hexagonal legs. At high
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oxygen partial pressure, the growth of ZnO crystals might be kinetically controlled,
since the growth rates in the <001> and <100> directions depend on the oxygen partial
pressure to a different extent. As a result, trumpet-shaped arms would form [Yan et al.
(2003)].
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Figure 4.9 Partial pressure of oxygen in the system as a function of nitrogen flow rate.

Figure 4.10 shows particle size distribution of ZnO nanoparticles collected at
filters, synthesized by varying nitrogen flow rate. According to Figure 4.10a, particle
size distribution of ZnO nanoparticles is polymodal in shape. It corresponds with SEM
image (Figure 4.8a), which shows that ZnO nanoparticles synthesized at low nitrogen
flow rate are polydispersed. For the results using higher nitrogen flow rate, particle
size distribution is bimodal. At nitrogen flow rate 4 and 5 L/min, size of ZnO
nanoparaticles are only slightly different because the morphology of ZnO
nanoparticles are tetrapods in both cases. The average size of ZnO nanoparticles
synthesized using nitrogen flow rate of 3, 4 and 5 L/min is 0.513, 0.225 and 0.305 pm

respectively.
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Figure 4.10 Particle size distribution of ZnO nanoparticles synthesized using nitrogen
flow rate of: (a) 3 L/min, (b) 4 L/min and (c) 5 L/min.

Figure 4.11 show SEM micrographs of the powder obtained in synthesis at the
reaction and the further the zinc source. In the reaction zone (location 1),
the morphology of the powder deposit is irregular shape when the nitrogen flow rate is
low as shown in Figure 4.11 (1a-1b). For the higher nitrogen flow rate, the pods and
tetrapods are found in this zone as shown in Figure 4.11 (1c). With the increase in the
nitrogen flow rate, higher flux of zinc vapor is generated and also the amount of zinc
vapor changes. The amount of zinc generation with the lower nitrogen flow rate is
lower than that of the higher nitrogen flow rate. Consequently, the zinc oxide nuclei
are less. The nuclei can grow into the irregular shape. At the position further away
from the zinc source, the morphology of ZnO is sphere, which may be carried from the

reaction zone to deposit in this zone.
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Figure 4.11 SEM micrographs of the deposits formed in different zones of the reactor
during the synthesis using nitrogen flow rate of (a) 3 L/min, (b) 4 L/min
and (c) 5 L/min.
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Figure 4.12 shows SEM micrographs of the deposits in the dry and wet
chamber zones formed by varying nitrogen flow rate. The products correspond with
the product collected at the filters. The morphology of ZnO is disorder at nitrogen
flow rate of 3 and 4 L/min and it changes to tetrapods when nitrogen flow rate is

increased to 5 L/min.

Figure 4.12 SEM micrographs of the deposits formed in the dry and wet chamber
zones synthesized using nitrogen flow rate of: (a-b) 3 L/min,
(c-d) 4 L/min and (e-f) 5 L/min.
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4.3 Effect of Oxygen Concentration

The effect of oxygen concentration was studied by controlling relative flow
rates of both nitrogen gas and air that was mixed before supplying to the reaction zone
as shown in Figure 4.13. The total flow rate which includes the mixing gas and the
carrier entering the reaction zone was set to 5.6 L/min. The oxygen concentration was

varied from 1.0 to 2.0 % by mole and the evaporation temperature was fixed at 800 °C.
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Figure 4.13 Schematic diagram for experimental sets up for studying the effect of

oxygen concentration.

Figure 4.14 shows SEM images of ZnO nanoparticles collected at filters
prepared at different oxygen concentration. It can be observed that all the products are
the mixture of two different shapes, i.e. a majority of tetrapods and few irregular shape
particles. Several tetrapods are found when ZnO is synthesized using oxygen
concentration of 1 % by mole. On the contrary, the irregular particles are slightly
increased at oxygen concentration of 2 % by mole. The legs of tetrapods prepared at

oxygen concentration of 1 % by mole are slightly longer than that prepared at oxygen
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concentration of 2 % by mole, indicating the slight effects of oxygen concentration on
shape of the product prepared in our experimental setup. The diameter and the length
of the legs of the pods are in the range of 40-80 nm and 220-270 nm, respectively.

Figure 4.14 SEM micrograph of ZnO nanoparticles synthesized at various with
varying oxygen concentrations: (a) 1.0% (b) 1.5% and (c) 2.0 %

by mole.
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Figure 4.15 shows SEM micrographs of the deposits formed in different zones
of the reactor varying oxygen concentration. In the reaction zone (location 1),
the morphology of ZnO nanostructures is various shape, consisting of nanocomb,
nanowire, nanorod and irregular shape as shown in Figure 4.15 (1a-1c). Zhang et al.
reported that the higher zinc vapor pressure and lower oxygen partial pressure favored
nanocomb growth [Zhang el al. (2005)]. In our results, the nanocomb is found when
supply the oxygen concentration of 1% by mole. At oxygen concentration above 1%
by mole, it does not occur. At the position further away from the zinc source, the
morphology of ZnO is sphere which may be carried from the reaction zone to deposit

in this zone.
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Figure 4.15 SEM micrographs of the deposits formed in different zones of the reactor
during the synthesis using oxygen concentration of (a) 1%, (b) 1.5% and
(c) 2% by mole.
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Figure 4.16 shows SEM micrographs of the deposits in the dry and wet
chamber zones formed by varying oxygen concentration. The morphology of product
at dry and wet chamber is similar. It is tetrapod with few nanosphere and nanorod. The

morphology of ZnO nanostructures is non-uniform which may occur from the

fluctuation of reactant vapor pressure in the system.

Figure 4.16 SEM micrographs of the deposits formed in the dry and wet chamber
zones synthesized varying oxygen concentration of: (a-b) 1%,
(c-d) 1.5% and (e-f) 2% by mole.
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4.4 Effect of Amount of Zinc Vapor

The effect of amount of zinc vapor was studied by varying the cross sectional
area of the alumina boat from 4, 12, to 20 cm? respectively. In our system, Generation
of zinc vapor is mass transfer limited process, since the zinc vapor increases with
increase in the cross sectional area. Zinc foil in the amount of 1 g was used as raw
material. The reaction was conducted at 800°C for 5 min, during which air and
nitrogen were supplied to the reactor at constant flow rate of 0.6 and 5 L/min,
respectively. After the reaction, ZnO deposited at the different zones of the reactor
was characterized by scanning electron microscope (SEM).

Figure 4.17 shows SEM micrographs of the deposits formed at different zones
of the reactor when the cross sectional area of the alumina boat containing zinc foil is
varied. Figure 4.17(a)-4.17(b) show the dendritic nanostructures formed at zone 1
located upstream of the supplied air outlet, when the cross sectional area of the
alumina boat is 4 cm?. It can be seen that a large quantity of nanorods grow on a
nanowire stem, and the end of the rod expand into hexagonal facet. They might take
place the secondary rapid growth process [Zhuo et al. (2008)]. In addition, the
nanowires are found in the reaction zone as shown in Figure 4.17(c). The nanocombs
with needle-like teeth and expanding hexagonal caps at their tip are found at zone 1
when the cross sectional area of the alumina boat is increased to 12 cm?, as shown in
Figure 4.17(d). A large quantity of needle-like teeth grows out of the nanowires.
However, the ZnO nanoparticles using the cross sectional area of 12 cm? in the
reaction zone are not found because they does not deposit in this zone. At the cross
sectional area of the alumina boat of 20 cm?, we found the tetrapods at zone 2, which
is located in the reaction zone, but we are not found product at zone 1. The tetrapods
legs are short, but the hexagonal cross section can be clearly observed. In these
experiments, increasing cross section area of the alumina boat results in an increase in
the amount of zinc vapor evaporated within such a short period of the reaction.
Furthermore, it is well realized that the concentration of zinc vapor decreases along the
length of the reactor, due to the reaction with oxygen to form ZnO.
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Figure 4.17 SEM micrographs of the deposits formed in different zones of the reactor
during the synthesis using oxygen concentration of (a-b) dendritic

nanostructures, (¢) nanowires, (d) nanocombs and (e) tetrapods.
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In the growth of dendritic nanostructures, ZnO crystal growth might undergo
the following process. Zn powder is vaporized and reacted with the back-diffused
oxygen to form the primary ZnO nanowires as shown in Figure 4.18(a). The zinc
vapor is generated continually. It adsorbs onto the surface of the nanowire substrates
to form an absorbed layer of Zn atoms. The reaction between the back-diffused
oxygen and Zn atoms absorbed on the surface of the primary nanowire substrate takes
place to form ZnO crystal particles. Then, they migrate to a suitable lattice to grow up.
However, the crystal particles do not migrate to certain lattices and grow up directly.
They undergo a growth process, which the nanorods grew on the nanowire substrates
as shown in Figure 4.18(b)-4.18(d).

Figure 4.18 SEM images of dendritic nanostructures. (a) nanowires, (b)-(d) nanorods
grown on nanowire stem.
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The rate of nucleation, J, e.g., the number of nuclei formed per unit time per
unit volume, can be expressed in the form of the Arrhenius reaction velocity equation

commonly used to describe the nucleation rate of a thermally activated process.
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Where AGgi; is the critical nucleus excess free energy; AEges is th 1ic activation

energy of desorption, AEq is the surface diffusion activation energy, k is the Boltzmann

constant, and T is the temperature. The angle ¢ is the angle of contact between the

crystalline deposit and the foreign solid surface; o Is the interfacial tension, v is the
molecular volume, and S is the degree of supersaturation. These equations indicate that

the rate of nucleation was governed by four main variables: S, T, o, and ¢.

The necessary condition to form epitaxial growth is that the rate of nucleation in
epitaxial direction is larger than nonepitaxial direction. We use J; as the rate of

nucleation in epitaxial direction ¢, J, as the rate of nucleation in nonepitaxial
direction ¢,, from the eq. (1), the ratio of the two nucleation rates g is given by ZnO

dendritic nanostructures. When we have a relatively high supersaturation,
the corresponding B and  decreased. In this situation, epitaxy has been restrained and
the relationship between the secondarily grown nanorods and the primary ZnO
nanowire is not epitaxial in the initial nucleation process. When the supersaturation
decreases to a stable status, which may be a very quick process since the reactant zinc
foil is reduced and the system was evacuated by a mechanical rotary pump. It

approximately undergoes an equilibrium condition during the growth process, which
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would result in regular-shaped hexagonal cylinder arms. The relatively high-saturated
vapor pressure benefits the growth of 1D nanostructures. In the growth of nanowires,
the relatively lower supersaturation is probably critical for whisker growth, which
should be lower than that required for euhedral crystal growth, otherwise, two- or
three-dimensional growth will occur. In the word nucleation is very important in the
chemical vapor deposition process to synthesize nanoscale crystals. When the
supersaturation S is high or a lot of “active centers” exist, the system can have a high
rate of nucleation and achieve the fastest growth speed, and then the nucleus could not
grow up along certain crystallographic directions and approximately parallel to each
other. To study the growth mechanism of the branches after the initial nonepitaxial
growth stage, the velocity of the (0001) plane is higher than that of the {1000} planes
due to the different surface energy. Therefore, the growth pattern of secondary ZnO
nanorods is dominated by a Kkinetic process, due to the increase in both the
surface/interface defects and the system energy in the ZnO nanorods [Tong et al.
(2006)].

Yan et al. (2008) indicated that the supersaturation and temperature are two
crucial factors determining the morphology. Accordingly, the zinc supersaturation
decreases rapidly along the direction of airflow because of the reaction with oxygen in
the system. In the growth process of the nanostructure, the fluctuation of
supersaturation will induce a change of the growing behavior and result in the
formation of hierarchical structures. Accordingly, at a first stage of the reaction, the Zn
supersaturation increases with the increasing temperature to maximum at desired
temperature, and then decreases when it is consumed in the reaction with oxygen.
As to the formation of nanocombs with needle-like teeth, the growth of this kind of
nanocomb involved two steps. First, the zinc supersaturation is high in
the initiate reaction, which may grow the backbone nanobelt as shown in Figure
4.19(a). In the growth period, the zinc supersaturation is decreased due to reduction of

raw material. It may grow a row of nanorods as shown in Figure 4.19(b)-4.19(c).
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As to the needle shape of a nanorod, the curtailment of the diameter from bottom to
the tip can be ascribed to a gradual decrease of the reagent’s supersaturation. On the
top plane of the needle, there exist abundant defects (atomic steps, Zn clustering, etc),
which favor the further absorption of reagent species and which induce the growth of

finer hexagonal caps at the end.

Figure 4.19 SEM images of nanocombs (a) nanoblet, (b) needle-like teeth grown on
nanowire, (c) nanocombs with needle-like teeth.
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4.5 Effect of Oxidation Time

In this section, 1 g of zinc foil was loaded in a alumina boat with the cross
sectional area of 4 cm?. Then the furnace was heated to 800°C at a rate of 10°C/min.
Next, air was supplied to the reactor with flow rate of 0.6 L/min for various feeding
time, i.e. 1 and 30 min. During the reaction, nitrogen flow rate was kept constant at 0.6
L/min. ZnO deposited at the different zones of the reactor was characterized by

scanning electron microscope (SEM).

Figure 4.20 shows SEM micrographs of the deposits formed in reaction zone
of the reactor, when the reaction time was varied from 1 to 30 min. The microrods and
multipods are found when the reaction time is limited to 1 min, as shown in Figure
4.20(a). Legs of the multipods is blunt at the end, with diameter of about 2-3 pm.
Zheng et al. (2008) reported that the growth process was affected by vapor pressure,
including Zn vapor and oxygen. The morphology of the legs could be controlled by
adjusting the heating and cooling speed to change the vapor pressure. The high
pressure of Zn vapor was beneficial to accelerate the growth along the six-symmetric
directions of £[1 01 0], i[l_l 0 0], and £[0 1t 0] and suppressed the growth of ZnO
along [0 0 O 1] direction. The growth process of the multipods nanostructures was
more complicated, but the vapor concentration and the growth temperature were still
the critical factors, which influenced the initial nucleation and the following legs
growing. In our system, the concentration of Zn vapor is maximal in the initial stage
and the feeding time of air is limited. Consequently, there is no redundant oxygen for
continuing growth. Therefore, ZnO nuclei could accumulate and form the multiple

facets nuclei which could form to multipods.
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Tewp = 800°C

Figure 4.20 SEM micrographs of the deposits formed in reaction zone of the reactor
during the synthesis of ZnO for: (a) 1 min, (b) 30 min.

When the feeding time of air is limited to 30 min, the microrods and
microwires are found at the reaction zone as shown in Figure 4.20(b). The diameter of
microrods and microwires is about 10 um. Park et al. (2005) demonstrated the
synthetic routes for the ZnO nanowires, that the nanowires were synthesized at
condition which Zn vapor was very low and oxygen was high. In our system, air was
supplied for 30 min which is sufficient for the Zn oxidation. The zinc vapor is slightly
generated because of the small cross sectional area of the alumina boat. Therefore, the
Zn0O nanostructures grow continuously from nanorods and nanowires to microrods and

microwires.



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this work, the ZnO nanoparticles could be synthesized by French process.
The process parameters which affect the morphology and size of ZnO nanoparticles
synthesized from French process include evaporation temperature, carrier gas flow
rate, oxygen concentration, amount of zinc vapor and oxidation time. According to

above mentioned experimental results, it can be concluded as follows.

1. The evaporation temperature and nitrogen flow rate have impact on the partial
pressure of zinc and oxygen in the system, which affect on the morphology of

Zn0O nanostructures.

2. The morphology and size of ZnO nanostructures depend on the amount of zinc
vapor and the oxidation time.

3. Tetrapods ZnO nanostructures can be synthesized under limiting condition of

low oxidation.
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5.2 Recommendations for future work

According to the experimental results in this work, it is hypothesized that
the morphology and size of ZnO nanoparticles are related with partial pressure of zinc
vapor and oxygen. It should be confirmed by designing the experiments and
equipments that can measure the actual partial pressure of zinc vapor and oxygen in
the system. In addition, the multistep synthesis of ZnO is interesting because it can

create the novel ZnO nanostructures.
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APPENDIX A

CALCULATION OF PARTIAL PRESSURE

Partial pressure of zinc vapor and oxygen was calculated by using ideal gas
mixtures. The mole fraction of an individual gas component in an ideal gas mixture

can be expressed in terms of the component's partial pressure or the moles of the

component:
Xa=Nna/n (A1)
PA = XaP (A2)
where : n = total moles of the gas mixture
PA = partial pressure of gas component A in gas mixture
Na = moles of gas component A in gas mixture
XA = moles fraction of gas component A in gas mixture
p = pressure of gas mixture

For example, in case of 0.6 L/min of air and 5 L/min of nitrogen
Zn raw material 7 g was exhausted in time 40 min under evaporation
temperature 800 °C

Rate of Zn generation = 7 [q]

40 [min] x 65.38 [g/mole]
=  2.68x10° mole/min

Mole of oxygen , no 0.6 [L/min]x0.21x1.429 [0/L]
32[g/mole]

5.63x10~° mole/min
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0.6 [L/min] x0.79x1.251[¢/L]  s5[L/min] x1.251[g/L]
+
28 [g/mole] 28 [g/mole]

Mole of nitrogen, nya

0.2450 mole/min

Total mole 2.5533 mole/min

2.68x107°

Mole fraction of Zinc vapor, Xz, =
2.5533
= 0.0106

5.63x107
2.5533

= 0.0222

Mole fraction of oxygen, Xo» =

Mole fraction of nitrogen, X2 = 0245

2.5533
= ~0:9672

We assume that partial pressure inside reactor is 1 atm. Therefore, partial pressure of
gas component is equal to mole fraction.
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APPENDIX B

TEMPERATURE PROFILE INSIDE REACTOR

Temperature profile inside the reactor was mapped, as shown in Figure B1. We

found that the temperature inside the reactor slightly decrease in the desired

temperature from 25 to 40 cm. Base on this data, the effective zone for evaporation

was taken be 25 to 40 cm of the furnace, from the feed-side of the reactor.
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Figure B1 Temperature profiles inside the reactor.
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APPENDIX C

SIZE DISTRIBUTION OF ZnO NANOSTRUCTURES

ZnO nanostructure was synthesized by French process at various evaporation
temperatures, carrier gas flow rate and oxygen concentration. The diameter and length
of particles were measured by an image processing program (SemAfore 4.0), which

randomly selected about 50 samples from SEM images.
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C1 Effect of evaporation temperature
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Figure C1 Frequency distributions for diameter and length of particles varying
evaporation temperature (a) sphere Te,,= 600°C, (b) sphere Teyp= 700°C,
(c-d) tetrapods Teyp= 700°C and (e-f) tetrapods Te,,= 800°C.
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Figure C2 Frequency distributions for diameter and length of particles using carrier

nitrogen gas flow rate of: (a-b) 3 L/min, (c-d) 4 L/min and (e-f) 5 L/min.
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C3 Effect of oxygen concentration
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(e-f) 2.0% by mole.
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APPENDIX D

QUANTITY OF ZnO IN THE DIFFERENT POSITION

The quantity of ZnO in the different zones is shown in this section. The length
of the system is divided into six zones, i.e. ahead reaction zone, reaction zone, dead

zone, dry chamber, wet chamber and filters.
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Figure D1 Schematic diagram for product in the different zones: (a) ahead reaction
zone, (b) reaction zone, (c) dead zone, (d) dry chamber, (e) wet chamber
and (f) filters.
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temperature.
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Figure D3 The quantity of ZnO in the different position varying the carrier gas

flow rate.
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Figure D4 The quantity of ZnO in the different position varying the oxygen

concentration.
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Abstract

Zanc oxide nanopariicles can be symtheszed by the
cooventional French pi'n-:.ﬂ!.lhu:hnltiull:em
berween zmc \w OEVEEN N A Hnlploh#nfﬂie
product ranges fom gamila soopssticles @ Zol
tetrapods. The flaw fate of the cager gas for Tine vapor
au well an temperanuee of the action were Tousid 1o be
the key parametors contrellng the manphelogy asd use
of the paoduct

1. Inireduction )
Zane oxide bag been seeopmiped as cie of the mou

promusing oxide semuconducicr marenialy becanse of s

good aptical, rlectneal and peredlectneal proporses. It

has recerved a conuderable amouns of asention n\uj,_ﬁ:‘;

lasi few years for momy applicaticns, ssch as electronics,
painss, phanmacesncal uses, ceramics, photovelnac cells.
and gas sensors [1]. ; i

In the cecent dreade. 3 lage varety of sise oxide
nanosimactares wach as rods, wes, behis, discs. tetrapods,
naallets, mibes and cages, lsave been fabmcated vas sevesal
grewh techisgises hat mclisde malecular beam eplazy,
vapmn phase tampen mctslotpame chemseal  vapes
sl been found that clectrscal and aptical propertacs of
and shape of the particles. The value of nanosized Zn0 i
more than 10 hmes of the convenmiemal wmcron-sazed
e :

Al presemce, the commercial mine cosde Gy mostly
numufachared vis the French process. which is singply the
exidyizon af zne vapar by . Alsheugh this process 1n
the cleapest and hughly productive meibod W s
produce 2a0), magossty of the product v pol napauzed
snd the shapr of the prosisst can aar be arll soniralled

im this smdy. we repon process paranssters thar lead to
eificient shape conorol 1\ the symthesss of ZnD

nancpariicies via the French process [2]

2. Materials amd Nethods

Im osder to synthesize znc omde waa the French
Process, puse fme Was put mio sn alasuna bost sl
placed m a bornzonial flow reactior. The whole sysiem
wan sraled rvagasted and sailnequemily [lled wath
introgen 1o shimmate readial sxypen im the wyatem
Then, the seactor was beated up o1 comtant rate of
10 *Chimn o desated ensperatuie. Ouce e orsclar Bad
reached the desired reaction temperaige. nitmogen was
Whm'mmpn&:m:ﬁphnmrwﬂm
end of the reactor, while ar was separmely fed 1o the
muddle of the reacior. The flow mbe of air was kept at 400
‘Vh;ia'm.ln.nlu.l:ﬁinl'duﬂmcrp was varned i the
mange of *=4 Umem. 15 slould be noved that the end of the
pube wapplying ar b the peactar war Jocated beyand the
- pomitien of the zinc-consaming boat m the reactor o thai
asr would nat derecily geact wih zime meesl 1w the beat
mmmmﬂfm 2 h The prodicts
~eelbeetrd by the fber st the autlet of ke reaction awatem,
as well & the produc remususg @ the resclor were
charactenized by M-y diffraction (XED) and scanming
electron nncroscopy (SEM)

A Eesults and Discustion
1.1 Products characeenshcs

Faigare 1 shows an emple of the XED panerns
obwerved from all synrthesized prodoces. All diffracmon
praks can be indexed o the kmown hexagonal werimie
struchape af a0, No difffacten peak frona o or ather
sagrsialy phases was found o sy of the samples,
confumsing thar the proslicis Were pise Zal, The stmang
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imlensity amd the sharpmess of the diffraction peaks
whicate thar the peailting prssliscts were Zal) with lagh

high erystallimty

[E T ]

Figare | Sansple of XRD pattern. of the product

Figure 2ia-h) showt SEM mierogmphs of the S
products thal werd vynthesided ar (B0 5C. by using
dalferon ffow mile of the Simer gad and capiisred b 2
fikier. I was found thapihe prodiets were colleciion of
nanopasticles wilth differen) morplsalogies. inclhsding
netynpeds, pmibpods, snd snsll fragtion of nesousels
Thee dinmeter of legs of the pods vaded im the range frons
30 te 100 nis The legs bBecanss wialles wliai the fow
rade of the carrier gas was increased becaure the reienton
zme Tor the seaction was sediaged 10 eboukd e odled,
hovmever, that the length of ise legs was not significanly
alfectad by e Pow rase This rewll mdicales tkt the
gronth in lemph of rhe beg took place quackly at the
eaally slage of tha waction. Thas is e sesdl Goan the
preferred growth along e=direction of Zndy crysial.

o addition To-te nao-pods collected by the Gl
dowmstrean, Fo0 microiabes was found depassied mskis
e reactor (Figae 261 The microbvbes had hexagonal
eroms-saction with the average dismseter sbeni & jeny and
wall thickmess of abour 5 e The mobe was sevemal
il binseters. dn bength Althengls e exsctuwechanisn af
the fennation of the Zpd microtabes ol Clear B the
ocirenie, B ik b suggeied that they are growa from
Eoilh, tuehket deposited i e wysiein al e eadly vinge of

tihe reaction [ 5].

Flgpze 2 SEM muorogmphs al (8) 200 oywmibesized by
nsang camier g flow mde of § Fmin and colbected Ty
filter, (b Zncy symthesized by ustug carrier go [how gafe
of 4 Vroum and oollected by fileer amad () £ noerotubees
depsdiad Eiiide 1he reaco

Figise 1 shows & SEM micrograglh of the prodach
sq.ﬁ!inmdhy imcreasing the low raie of air to 1.2 lmin
Compartag wilh Figice 2a, it was fosnd that the tmcress
Im  oxypen concemtramion  in ) the  wyuem cmused
sprmibuigoun rrastion Huouaghow! the teastos The guesiugt
was i the form of spherical mamopanicles wstesd of
nano-posds bacanva te iniresa @ e air Bow e ale
decreased the resbdemt time of the partscle within e
reactor mmd The arysial woisld not have snough B o
BN
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Faguae 3 SEN images
of ol synrheserad ak:
{2} 650 "C, (b 700 T
asd fe) BOD °C. The
Mo wiie Gl & Was
merexsed 1o 1.5 Lmin

The marphalogy of the peesdtuct obifted Fron gramalar
sibd tetrapods, as e reactbn lempeabae Was ravked
fiom 850 8o BGOC. Ir shoubd be mored thar the haghest
temipeeratire ewphitved uh this work was chll lowees than
the bodling poant of zimc. The mcrease m femmperaneme not
coaly affecied the gemeranon' of mme vapor, buf sl
metesie molnhity af the grewih ipeces on the sarfice of
the crystals, wheh allowed e goowth aleng the
preferential c-axis and ressles in prodoct as cetrapods.
The vield of the mancsered Znd production s about
a5 %

1.3 daawdh mechanan

Thr growih mechamum of Zud pamesricniees can
be explused by S vapor-salsd (VS medel Far the
groweh of temapods, sevemal mechanivma have be
proposed [4 %) The maim difference among these models
i the | differencecm shapes. | gromernies,  and
crvitallographie stachises of the mimcle, wheth are
subeegismthy evergrewn dirmg e grewih precoa aloang
fas1 prowimg planes
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In ghis wark, sne vaper was geneeated and Farmed
atemie clisters of fiss that reactrd matantanecusly wath
oxypen supplied 1o podisce promsry pamicles of mne
omide i the gas phase. These pamicles coalesred and
aggregated 10 form larger parncles, At the vane fune, the
growyth species, 1o molecular chisier of Zn®, could also
Le fornsed on the exasting Zn0 sucles, according to the
V5 medel The mecrporaton of the growdh specics 19 the
Zoly gryatal 1sok plage moee apamilageaily oo the (0001)
plane, which resaleed in preferential growth along cramis
and e formaation of nanoods of legs of tetrapodi.

4. Conghuisn

Nanoparncle of zmnc oxde can be wntheszed by
modified French proceis, The peoducts are Znd walk
hagh erystalliminy and low inpunty. The flow rate of the
carmet gas and tempersture ave the ke parameters foi
comrodling the morphology and size of the symthesized
pradusy
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