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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.

e = F i e L
= P, - o,
c,"’ & = Growith. by OO L
e o (=] coalescent 3
// o coagulation =
Precursor or O
vapor e > =)
/1 Tah N\
y = L Ve N —
; G 65 =
' <
- e
<, U:&Q N e )
iy O o
= £
(’Growth by aggregation Growth by
o G wapor amnd (=]
=" cluster = &
et deposition = o

—
~—/
— FPrecursor -
Or vapor

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