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CHAPTER 1 GENERAL INTRODUCTION



1.1 Properties and potential applications of ZnO

Zinc oxide (ZnO) is a distinguished material with some special properties, which
has attracted intensive research efforts for its unique properties and versatile
applications in transparent electronics, ultraviolet tUV) light emitters, piezoelectric
devices, chemical sensors and spin electronics in the last few decades. [1-13] ZnO is a
wide band-gap (3.37 €V) compound semiconductor that is suitable for short wavelength
optoelectronic application. The high exciton binding energy (60 mV) in ZnO crystal can
ensure efficient excitonic emission at room temperature and room temperature
ultraviolet (UV) luminescence has been reported in disordered particles. The lack of a
center of symmetry in wurtzite, combined with large electromechanical coupling, results
in strong piezoelectric and pyroelectric properties and the consequent use of ZnO in
mechanical actuators and piezoelectric sensors.

Based on these remarkable physical properties and the motivation of device
miniaturization, large effort has been focused on the synthesis, characterization and
device application of ZnO nano- and micro-materials. ZnO is a versatile functional
material that has a diverse group of growth morphologies, such as nanowires, nanorings,
nanotetapods, nanotubes, nanobelts, nanocombs, nanocages, nanopropellers, [14-23]
which have been successfully grown via a variety of methods including chemical vapor
deposition, thermal evaporation, electrodeposition, etc. These structures have been

subjected to electrical transport, UV emission, gas sensing and ferromagnetic doping



studies, and considerable progresses have been achieved. [29]
The above mentioned properties are typically describes a few of them in the

followings:
a) Luminescent property

ZnO exhibits a direct band-gap of 3.37 eV at room temperature with a large
exciton of 60 mV. The strong exciton binding energy, which is much larger than that of |
GaN (25 mV), and the thermal energy at room temperature (26 mV) can ensure an
efficient exciton emission at room temperature under low excitation energy. As a
consequence, ZnO is recognized as a promising photonic material in the blue-UV region.
Photoluminescence (PL) spectra of ZnO structures have been extensively reported.
[30-35] Excitonic emissions have been observed from the photoluminescence spectra of
ZnO nanorods. [36]. Besides UV emitting and lasing, effort on utilizing ZnO nanowires

for UV photodetection and optical switching have been reported by King et al. [37]

b) Gas and chemical sensors

Conductometric metal oxide semiconductor thin films are the most promising
among solid state chemical sensors, due to their small dimension, low cost, low power
consumption, on-line operation and high compatibility with microelectronic processing.
The fundamental sensing mechanism of metal oxide based gas sensors relies on a
change in electrical conductivity due to the process of interaction between the surface

complexes, such as O, O, H' and OH reactive chemical species and the gas molecules



to be detected. Oxj/gen vacancies on metal-oxide surface are electrically and chemically
active. These vacancies function as n-type donors often significantly increase the
conductivity of oxide. Upon adsorption of charge accepting molecules at the vacancy
sites, such as NO; and O, electrons are effectively depleted from the conduction band,
leading to a reduced conductivity of the n-type oxide. On the other hand, molecules,
such as CO and H;, would react with surface adsorbed oxygen and consequently
remove it, leading to an increase of conductivity. As one of the major materials for solid
state gas sensor, bulk and thin films of ZnO have been proposed for CO [38, 39], NH;

[40], alcohol [41] and H; [42].

¢) Piezoelectric effect and polar surfaces

As one of the important properties of ZnO, its piezoelectricity has been
extensively studied for various applications in force sensing, acoustic wave resonator,
acousto-optic modulator, efc. [43-50] Piezoelectricity is due to atomic scale polarization.
To illustrate the piezoelectricity, one considers an atom with positive charge that is
| surrounded tetrahedrally by anions, as shown in Figure 1.1. [51] The center of gravity of
the negative charges is at the centre of the tetrahedron. On exerting a pressure on the
crystal along the cornering direction of the tetrahedron, the tetrahedron will experience
a distortion and the center of gravity of the negative charges will no longer coincide
with the position of the positive central atom; an electric dipole is generated. If all of the

tetrahedral in the crystal have the same orientation or some other mutual orientation that



does not allow for a cancellation among the dipoles, the crystal will have a macroscopic

dipole. The two opposite faces of the crystal have opposite electric charges.

Figure 1.1 Schematic diagrams showing the piezoelectric effect in

a tetrahedrally coordinated cation—anion unit



Another interesting result of the non-centrosymmetric ZnO crystal structure is
its spontaneous polarization and polar face dominated nanostructure. [52-54] As
mentioned before, the crystal structure of ZnO can be visualized in a way that oxygen
atoms and zinc atoms are tetrahedrally bonded. These tetrahedrons stack along [0001]
direction. Due to spontaneous polarization, the position of positive charge is displaced
from that of negative charge and the direction of displacement is also [0001]. The net
result of this spontaneous polarization is a charged (0001) surface. In order to achieve
minimized energy, the charged (0001) surface results in unique nano-ring and nano-coil

structure. [6]

1.2 Crystal structure of ZnO

Waurtzite zinc oxide has a hexagonal structure (space group C6mc) with lattice
parameters g = 0.3296 and ¢ = 0.520 65 nm. The structure of ZnO can be simply
described as a number of alternating planes composed of tetrahedrally coordinatedO*
and Zn®" ions, stacked alternately along the c-axis (Figurel.2).[55] The tetrahedral
coordination in ZnO results in noncentral symmetric structure and consequently
piezoelectricity and pyroelectricity. Another important characteristic of ZnO is polar
surface. To maintain a stable structure, the polar surfaces generally have facets or
exhibit massive surface reconstructuions, but ZnO-+ (0001) are exceptions: they are

atomically flat, stable and without reconstruction. [56, 57]



Figure 1.2 The wurtzite structure model of ZnO (The tetrahedral

coordination of Zn—O is shown.)



1.3 Typical growth structure of ZnO

Structurally, ZnO has three types of fast growth directions: <2110> (+
[2110], £ [1210], £ [1120]); <0110> (£ [0110], £ [1010], = [1100]); and %
[0001]. Together with the polar surface due to atomic terminations, ZnO exhibits a wide
range of unique structures that can be grown by tuning the growth rates along these
directions. These are the fundamental principles understanding the formation of
numerous ZnO morphologies. One of the most profound factors determining the
morphology involves the relative surface activities of various growth facets under given
conditions. Macroscopically, a crystal has different kinetic parameters for different
crystal planes, which are emphasized under controlled growth conditions. Thus, after an
initial period if nucleation and incubation, a crystallite will commonly develop into a
three-dimensional object with well-defined, low index crystallographic faces. These
structure tend to maximize the areas of the {2110} and {0110} facets because of the

lower energy.

1.4 Synthesis methods of tubular ZnO particles

Besides nanowires, nanobelts and nanorods, other complex ZnO nanostructures
such as tubular ZnO particles [58-62] also attract considerable research interests. Since

the discovery of carbon nanotube [63], several methods for fabrication of ZnO particles



with tubular structure have been reported, such as vapor phase depositions, thermal
oxidation, a template-assisted method and a hydrothermal process. A few of them are
described in the followings:

A) The most common method synthesize ZnO nanostructure utilizes a vapor
transport process. [64-66] In such a process, zinc or zinc oxide and oxygen or oxygen
mixture vapor are transported and react with each other, forming ZnO nanostructure.
According to the difference on the formation mechanisms, the extensively used vapor
transport process can be categorized into the catalyst free vapor-solid (VS) process [67,
68] and catalyst assisted vapor-liquid-solid (VLS) process [69, 70]. The typical process
1s usually carried out in a horizontal tube furnace, as shown in Figure 1.3 [51], which is
composed of a horizontal tube furnace, an alumina tube, a rotary pump system and a gas
supply and control system. R.M. Wang has synthesized ZnO nanotubes through heating

the mixture of Zn and ZnO powder at 1300 °C in Ar flow. [71]

YO—nug Furnace T
-
View Alumina tube Alumina plate
Window ArEz> 7,0 powder Products|
2 —‘
_lf: 7 :[‘ -I
Cooling Heating component t '»
Ar  Water To Pump

Figure 1.3 A schematic diagram of the experimental apparatus

by the vapor transport process



B) Another evaporating synthesis method to synthesize ZnO particles is
metal-organic chemical vapor deposition. [72] The typical diagrammatic sketch of
metal-organic chemical vapor deposition (MOCVD) device system is shown in Figure
1.4. [73] In a typical CVD process, the substrate is exposed to the volatile precursor,
which reacts or decomposes on the substrate surface to produce the high purity, high
performance film. Frequently, volatile by-products are also produced, which are
. removed by gas flow through the reaction chamber. Through CVD method, the steams
of volatile metal compounds or metal organic compounds is used as raw materials, and
through chemical reaction made into the material needed. Then it condenses rapidly
under protection of inert gases for preparation of particles. The ZnO particles prepared
by CVD possess high purity, uniform particle size which can be accurately controlled. B.
P. Zhang et al [74] have reported that ZnO tubes were epitaxially grown on sapphire
(0001) substrate by MOCVD. The growth pressure and temperature were 0.3-3 Torr and
475 °C, separately. Oxygen gas and diethyl zinc were used as precursors and nitrogen

gas was used as the carrier gas for DEZn by-product.
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Figure 1.4 Diagrammatic sketch of atmospheric metal-organic

chemical vapor deposition (MOCVD) device system

C) Other synthesis methods

Although the vapor transport process and hydrothermal method are the dominant
synthesis processes for synthesis ZnO particles with tubular structure. Other growth
methods such as hydrothermal methods [75-80], replication and template techniques
[81-85] and laser patterning [86] have been developed in parallel. These methods
provide the possibility of forming ZnO tubes at low temperature. For example, via a
hydrothermal method [76], Vayssieres et al. have reported the synthesis of ZnO
microtubes, on a range of substrates, immersed in a bottle with an autoclavable screw
cap containing equimolar amounts of zinc nitrate and hexamethylenetetramine and

maintained at 90 °C for 2 days. Z. Wang and H. L. Li [84] have synthesized ZnO
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nanotubules via a sol-gel process within the pores of an anodic aluminum oxide (AAO)
template.

Rigid experimental conditions (such as high temperature), sophisticated
equipments (such as autoclave), and complex procedure were usually employed in the
above mentioned methods in order to obtain single-crystalline and high purity ZnO
tubes. Furthermore, most of the reported approaches produced ZnO tubes in small
quantities and high cost, restricting their commercial applications. So it is necessary to
develop a template-free and surfactant-free method at low temperature, low cost and

normal pressure.

1.5 Objective of this work

The objective of this work is to develop a new and facile method to synthesize
ZnO particles with tubular structure and to focus on the influence of external parameters
such as reaction temperature, pH because of their importance for the formation of ZnO
microtubes. Our developed method has some advantages, such as synthesis under
atmospheric pressure at a common 500 ml glass flask, which is located in z; water bath
kept at different temperature, low cost and easy control. The growth mechanism of ZnO
microtubes has been of particular interest. Also of interest has been the development of
the microstructure of ZnO particles, with focus on the morphological evolution during

the synthesis process.
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The thesis is organized as follows:

In chapter 2, first introduce the design of this method, which mainly include the
choice of reagents. Then using the developed method, hexagonal ZnO microtubes were
successfully synthesized via an aqueous solution process through the introduction of
ammonia bubbles into zinc chloride solution. The influence of the final pH value on the
formation of ZnO microtubes was discussed. And the optimization of drying process
was systematically carried out. From this research, it can be get that the ammonia
bubbles is ﬁot the template for the formation of ZnO microtubes, but just as the reactant,
which step further in proposing the formation mechanism.

In chapter 3 investigated the synthesis of ZnO microtubes using the ammonia
water instead of ammonia bubbles in the aqueous solution, which is easier to control.
The effects of ammonia and reaction temperature were discussed in this chapter. In
order to get the evidence of the intermediate morphologies, systematical aging
duration-dependent experiments were compared comprehensively to reveal thel
formation and detailed growth process of ZnO particles with tubular structure. Based on
the results and the special ZnO crystal property, the mechanism of the formation of ZnO
tubes was proposed. Also, through adjusting the reaction temperature, aging time and
temperature, the starting concentration of zinc ions, ZnO nanotubes were successfully
fabricated via the developed aqueous solution method.

In chapter 4, the synthesized ZnO microtubes were investigated by

photoluminescence (PL) analysis and X-ray photoelectron spectroscopy (XPS). These
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studies have investigated PL characteristics of ZnO tubes based on the analyses of XPS.

Finally, in chapter 5, the concluding remarks of the present work were stated.
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CHAPTER 2 SYNTHESIS OF ZnO MICROTUBES BY
INTRODUCING AMMONIA BUBBLES INTO ZINC
CHLORIDE AQUEOUS SOLUTION
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2.1 Introduction |

ZnO particles with tubular structure have been achieved through various
techniques, such as thermal evaporation [1-3], solid-vapor synthetic approach [4], and
microwave plasma system [5]. In contrast to the physical methods, chemical methods,
such as hydrothermal method [6,7], polymer-induced method [8], PEG-assisted
synthesis [9], have shown distinct advantages for the synthesis of tubular ZnO particles,
which can be carried out at low temperature, under atmospheric pressure, and could
produce ZnO particles in large-scale quantities. Chemical methods, including
precipitation from inorganic or organic solutions and sol-gel techniques can
conveniently provide control of nucleation, growth and aging of particles in the solution.
The methods relay on advanced solution and coordination chemistry theories enabling
the synthesis of the required precursor particles utilizing a variety of parameters to
enable control of the formation process.

In this chapter, a similar but simplified and facile process has been developed to
synthesize the hexagonal ZnO microtubes in a large scale by a low cost aqueous
solution method. In comparison with other previous studies, we did not introduce any
other chemicals except reactants in the reaction solution. Besides this, the advantages of
our utilizing-aqueous solution-based method are template-free, surfactant-free, and
performed in a glass flask under ambient pressure and relative low temperature. The

original experiment’s design is to use the ammonia bubbles as the template of ZnO
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microtubes. The function of ammonia bubbles is not only the reactant but also the

template.
2.2 Origin of design and choice of reagents

The original design is from the developed new approach to synthesize of hollow
calcium carbonate particles, which is involved the mixed gas (CO,+N,) as bubbles
templates. The advantage of this new approach is to simply the synthesis of hollow
particles by leaving out the removal of template. [10-12] Therefore, this method is
carried out for the synthesis of hollow ZnO particles, which are introduced ammonia
bubbles into zinc ions aqueous solution. The function of ammonia bubbles is used as not
only the reactant but also the template.

In order to choose a suitable zinc ions aqueous solution, 0.5 M zinc chloride
aqueous solution and 0.5 M zinc sulfate aqueous solution were prepared, separately.
And then ammonia bubbles were introduced into these two kinds of zinc ions aqueous
solution, which is kept in a water bath for 90 °C under stirring. When the pH arrived 6,
the formed precipitate was filtrated and then dried at 105 °C for 12 h. The morphologies
of the samples are shown in Figure 2.1. The sample synthesized using zinc chloride
aqueous solution is some broken hollow particles, while the sample synthesized using
zinc sulfate aqueous solution is irregular particles. The reason is the effect of anions, of

which Cl anions are beneficial to the formation of tubular particles.
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Figure 2.1 SEM images of samples (A-using zinc chloride aqueous

solution, B-using zinc sulfate aqueous solution)

28



2.3 Experimental procedure

2.3.1 Starting materials

All of the reagents were of analytical grade and were used as received. Zinc
chloride of at least 98 % purity and ammonia water of 25 % concentration (From Wako
pure chemical industries, Ltd. Japan), were used as received without further purification.
Reaction solution of zinc chloride was prepared by the dissolution of the appropriate

amount in distilled water.

2.3.2 Synthesis method

Figure 2.2 and Figure 2.3 are flowchart and schematic diagram of synthesis
procedure for fabricating ZnO microtubes by the introduction of ammonia bubbles,
separately. The conical flask with the aqueous solution (400ml) of Zinc Chloride (purity
of 98% from Wako, Osaka Japan), of which Zinc ionic concentration is 0.5M, was put
into a water bath, which control the suitable temperature of synthesis system (90 °C).
The solution was stirred at the constant rate by the Teflon-coated magnetic stirring bar.
The ammonia bubbles were introduced into the bottom of the solution through a
micro-sized bubble maker (Tekeno, Japan) until a suitable pH value was reached. The
precipitate was obtained as soon as the ammonia bubbles were added into the reaction
solution. When the pH value of the reaction solution reached given pH, the ammonia

bubbles was immediately stopped. The white precipitate was filtered, and then the
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as-prepared samples were dried at 90 °C for 24 h.

v

Pre-heating (90 °C)

v

Reaction
v

Filtering
v

Drying
v

Analysis

Bubbling

Figure 2.2 Flowchart of synthesis procedure for fabricating ZnO

microtubes by the introduction of ammonia bubbles

30



Ammonia gas

Ammonia bubble

ZnCl, solution

Water bath

(8]
(8]

0,
00 X 0090
O

Heater

O [T EN

Figure 2.3 The schematic diagram of preparation procedure for

fabricating ZnO microtubes by the introduction of ammonia bubbles

2.3.3 Characterization

The crystallographic structures of as-synthesized samples were characterized by

X-ray diffraction (XRD, RINT1100, Rigaku, Japan) by employing a scanning rate of

0.02°/s in the 20 range from 3 ° to 90 ° with CuKa, (40 kV, 30 mA) radiation. The

content of elements was examined by the energy dispersive X-ray spectroscopy (EDS).
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The morphologies of products were examined by field emission scanning electron
microscope (SEM, JSM-7000F, JEOL, Japan). Transmission electron microscopy was
performed using the JEM2000 EXII TEM equipment (JEOL, Japan) with an
accelerating voltage of 160 kV. The TEM samples were prepared by embedding the
precipitates in polymer resin, followed by cutting the samples into a thickness of 200
nm. The cutting sample was carried out using a LEICA EM U6 ultramicrotome (Leica,
U.S.A)). The surface chemical analysis was investigated by X-ray photoelectron
spectroscopy (XPS) on a SSX-100 (Surface Science Instrument, USA) instrument. A
monochromatic Al Ko x-ray radiation was used as excitation source in the XPS
measurement. For the determination of the unknown layer-like particles, TG/DTA
analysis (Thermo Plus TG 8120, Rigaku, Japan) was carried out in nitrogen
atmosphere. The heating rate was at 10 °C/min until 900 °C with 250 ml/min flow rate

of nitrogen.

2.4 Effect of the pH on the formation of ZnO microtubes

Figure 2.4 shows the change of pH and temperature during reaction. The starting
pH was about 4.5. After the introduction of ammonia bubbles into solution, the pH
started to increase, while the temperature of solution sharply increased firstly and then
decreased, which indicated that it was an exothermic reaction for the formation of zinc

oxide. The increase of temperature was slowed down, when the reaction was nearly
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Figure 2.4 Dependence of pH and reaction temperature on reaction time
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Figure 2.5 XRD patterns of the products prepared at different final pH
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Figure 2.5 shows the XRD patterns of the samples prepared at different final pH.
It was found the products | were mostly zinc hydroxide chloride precursor
(Zns(OH)3C1,H,0), when the pH was 5 or 6. However, when the pH was over 7.5, the
products became pure zinc oxide, which peaks can be indexed to the hexagonal phase of
zinc oxide (wurtzite structure, space group P63mc). The lattice parameters were
calculated to be a=3.25, ¢=5.21, which agreed well with the reported value (JCPDS card
NO 36-1451) and there was no characteristic peaks of impurities observed, such as
Zn(OH),, zinc hydroxide chloride precursor. Therefore, it can be concluded that the
formation of single crystalline was strongly dependent on the final pH of reaction
solution in our experiments. Only at a relative high pH was it possible for the formation
of the single crystalline ZnO.

The pH conditions must have great influence on the morphologies and the phase
stability of precipitate. The addition of ammonia bubbles can increase the amount of the
precipitates. Figure 2.6 shows the SEM images of the samples prepared at different final
pH. Figure 2.6 (A) and Figure 2.6 (B) are the images of samples prepared at pH 5 and 6,
respectively. The products were layer-like irregular particles without the observation of
zinc oxide tubes. However, many incomplete zinc oxide tubes were observed in Figure
2.6 (C) at pH 7. The average diameter of the tubes was in the 300nm~500nm with the
length in the 1um~2pum and the thickness of the wall was in the 20nm~50nm. When the
pH is over 7.5, almost all products were tube-like or rod-like particles, as shown in

'

Figure 2.6 (D) and Figure 2.6 (E). These results are expected since Zn ions are quite
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sensitive to the pH conditions. It is reported that Zn ions exist in different forms in the
aqueous solution with different pH conditions, that is, ZnCl,(OH)s., in acid or neutral
conditions [13] , Zn(OH),> in basic solution [14] and Zn(OH):> and Zn(NH3),*" in
alkaline ammonia aqueous conditions [15, 16]. Accordingly, the growth units are
different, which is supposed to affect the growth rate of the crystalline facets and final

morphologies of the product.
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Figure 2.6 SEM images of samples prepared at different final pH

(A-pH 5, B-pH 6, C-pH 7, D-pH 7.5 and E-pH 8)
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Figure 2.7 SEM images of cutting surface of the rod-like

particles (pH=8)
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Figure 2.7 'is the morphology of the cutting surface of the rod-like zinc oxide
particle when pH is nearly 8. The cuttings of samples were carried out by putting
samples into the polymer, and then dried at 60 °C for 12 hours to solidify polymer. The
cutting slices were carried out by LEICA EM UC6. From Figure 2.7, it is found that

almost all rod-like particles have hollow structure inside.

2.5 Optimization of drying conditions

2.5.1 Open heating system and close heating system

In order to investigate the effect of H,O on the formation of ZnO microtubes
during the growth process, the precipitates were divided into two same holders. One
holder without cover, which is called open heating system, and another with cover,
which is called close heating system, were dried at constant temperature of 90 °C for 2
days in a regular laboratory oven, as shown in Figure 2.8 (A) and (B). Figure 2.8 (a) and
(b) are the schemes of open heating system and close heating system, separately. The
precipitate was dried at open heating system, which results in quickly evaporating the
water and increasing the concentration of the ions and growth units. While the
precipitate was dried at close heating system, which developed the water circulation due

to the slow evaporation.
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Figure 2.8 Photographs of open heating system and close heating
system before dried at 90 °C (A- open heating system; a- scheme of
open heating system; B- close heating system; b-scheme of close

heating system)
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Table 2.1 The weight of samples before and after drying at close heating system and

open heating system

Weight of sample dﬁed at close Weight of sample dried at open
heating system (g) heating system (g)

Before 16.594 16.615

drying
After drying 5.021 6.126
Weight loss

. 1
(%) 69.7 63

The weight of sample before and after drying at close heating system and open
heating system is shown in Table 2.1. The weight loss of sample dried at close heating
system is higher than that dried at open heating system.

Figure 2.9 is the corresponding XRD pattern and SEM image of the samples
dried at open heating system. From XRD result, almost all peaks can be indexed as the
hexagonal phase of ZnO, which is not well crystalline. And the product still contains the
precursor. SEM image shows the irregular structure rather than ZnO microtubes or
microrods. The purity and crystallographic and morphology of the samples dried at the
close heating system were examined using XRD and SEM, as shown in Figure 2.10.
The sharp shape of the diffraction peaks suggests that the synthesized ZnO samples
should be well crystallized and can be indexed to the hexagonal phase of zinc oxide

(wurtzite structure, space group P63mc). And there were no characteristic peaks of
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impurities observed. From SEM images, the morphology of product is rod-like and
tube-like particles.

During the process of synthesizing ZnO microtubes via the aqueous solution,
heterogeneous nucleation competes with the homogeneous one. The mechanism of
heterogeneous nucleation is the adsorption process of growth unit Zn-O,(OH), complex,
which occurs in the solid-liquid interface. The homogeneous nucleation is the direct
deposition of atom clusters in the solution. In the close heating system, Thus, H,O has
an effect on the nucleation process markedly. The irregular ZnO layer-like particles
synthesized under the open heating system are attributed to the homogeneous nucleation.
On the contrary, under the close heating system, the heterogeneous nucleation coexists
with the homogeneous nucleation due to the circled water. The growth units
encapsulated the water are adsorbed to the particles through the homogeneous

nucleation, which is the process of heterogeneous nucleation.
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Figure 2.9 XRD pattern and SEM image of samples dried at

open heating system at 90 °C for 2 days
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Figure 2.10 XRD pattern and SEM image of samples dried at

close heating system at 90 °C for 2 days
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2.5.2 Effect of ‘drying temperature

To investigate the growth mechanism of ZnO microtubes by a soft aqueous

solution synthesis, a series of controlled experiments were carried out with changing

drying temperature during the heat treatment.
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Figure 2.11 XRD patterns of the products prepared at different

drying temperature
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Figure 2.11 shows the XRD patterns of the products prepared at different drying
temperature. The products were mostly a kind of unknown materials, which can not be
indexed in the database of XRD, when dried at room temperature. That material may be
the hydrate of zinc. With the drying temperature increase, the unknown material is
decomposed and the characteristic peaks of ZnO are appeared. While the drying
temperature was over about 80 °C, the products were crystallized zinc oxide, and all
peaks matched well with the hexagonal structure of zinc oxide (JCPDS No.36-1451).
Nd characteristic peaks of impurities were observed. With the further increase of drying
temperature, zinc oxide peaks sharpen and increase intensity, indicating that the

formation of crystalline zinc oxide can obtain at higher temperature.
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Figure 2.12 SEM images of the products prepared at different
drying temperature (A-room temperature, B-50 °C, C-70 °C,

D-80 °C, E-90 °C, F-150 °C)
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Their shapes and morphologies at the drying process were investigated by SEM
images. The morphology in the initial stage of precipitate is given in Figure 2.12 (A). It
can be clearly seen that the particles were in the form of the regular hexagonal layer-like
structure. The length of the hexagonal side was about 5~10 um. After being dried at 50
°C for 12 h, as shown in Figure 2.12 (B), layer-like particles begin to decompose into
crystal grains. Figure 2.12 (C) clearly reveals that ZnO rod-like growing at 70 °C: some
of particles still kept the layer-like, while others already have the rod-like particles with
the length of more than 500 nm. Figure 2.12 (D) - Figure 2.12 (F) show the SEM
images of the samples obtained when dried at 80 °C, 90 °C and 150 °C. From SEM
images, the sample dried at over 80 °C, ZnO microtubes grow both in size and
morphology. And ZnO microtubes have the length of about 1 um. The best drying
temperature is 90 °C. The above experiments and results manifested that the drying

temperature plays an important role on the formation of ZnO microtubes.
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2.6 Liquid nitrogen frozen system

Liquid nitrogen

Sample

Figure 2.13 Setup of liquid nitrogen drying system

The aim of this experiment, which the precipitate is dried at liquid nitrogen
system to keep it react and decompose, is to investigate the morphology and
compositions of the product directly precipitated in the solution with and without aging

duration. Whether the morphology and composition of sample dried at room



temperature is as same as the precipitate directly in the solution. The setup of liquid
nitrogen drying system is shown in Figure 2.13. The sample was put in a glass tubes
kept in the liquid nitrogen. Drying the drying process, steady flow pumping is carried
out for4 hto keeﬁ the low v.acuum until the sample dried.

From Figure 2.14 SEM images of samples dried at room temperature in air and
Figure 2.15 SEM images of samples dried at liquid nitrogen drying system, both of their
morphologies are hexagonal layer-like with 5-10 pm layer-size without aging duration
and hexagonal rod-like particles with aging duration for 24 h. The compositions of dried
samples are investigated using XRD, as shown in Figure 2.16. Not only the sample
dried at the room temperature in air but also dried in liquid nitrogen drying system is the
sharp characteristic peaks of unknown material without aging duration, as shown in
Figure 2.16 (A). While the aging time is 24 h, both of them are mostly crystalline zinc
oxide particles; however still contain some precursors as shown in Figure 2.16 (B).

The morphology of precipitate, which is directly filtrated from the reaction
solution after the introduction of ammonia bubbles when pH is 7.5, is layer-like. That is
to say, the formation of ZnO microtubes is in the drying process, which was excluded

from the formation mechanism of ZnO microtubes using ammonia bubbles as template.
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Figure 2.14 SEM images of the samples dries at room

temperature in air (A-aging time= 0 h; B-aging time= 24 h)
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Figure 2.15 SEM images of the samples dries in liquid nitrogen

drying system (A-aging time= 0 h; B-aging time= 24 h)
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Figure 2.16 XRD patterns of the samples dries at room
temperature in air and in liquid nitrogen drying system

(A-without aging; B-with aging for 24 h)
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2.7 Analysis of the particles dried at room temperature

In the previous work, the hexagonal layer-like unknown structure, which is

prepared at pH 7.5, may be the compound of zinc and oxygen.
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Figure 2.17 XRD patterns of the unknown layer-like particles

(A-from 3 ° to 90 °; B- from 10 °to 90 %)
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Figure 2.17 shows XRD patterns of the unknown layer-like particles. Figure
2.17 (A) is the range from 3 ° to 90 °, there is a highest peaks located at 8.2 °. In order to
clearly obtain other peaks, the range from 10 °to 90 ° is investigated. Besides the
highest peaks, there still exist other peaks, which also can not be indexed in JCPDS card.
It indicates that the precursor maybe contain several kinds of hydrate of zinc oxide.

To investigate whether it contains other impurities, such as CI’, N3+, and the

products were analyzed using XRD, EDS, XPS and TG-DTA.
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Figure 2.18 EDS analysis of the unknown layer-like particles
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Table 2.2 EDS analysis result of the unknown layer-like particles

Element Energy (kev) Mass (%) Atomicity (%)
N 0% 0% 0%

o) 0.525 4.79 16.38

Cl 2.621 5.63 8.69

Zn 8.630 89.58 74.93

The results of EDS analysis is shown in Figure 2.18 and Table 2.2. From EDS
results, the unknown samples are composed by Zn, O and Cl, of which the atomic
percentage is 74.93%, 16.38%, 8.69%, separately. However, from XPS spectra of
unknown layer-like particles, as shown in Figure 2.19, only exist two kind of
atoms—zinc and oxygen. The reason caused the different results between EDS and XPS

is the range of analysis area. The analysis area of EDS is larger than that of XPS. CI’

ions were partly adhered to the surface of the sample.
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Figure 2.19 XPS spectra of unknown hexagonal layer-like particles
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Figure 2.21 SEM images of unknown hexagonal layer-like

particles after TG analysis
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In order to further investigate the change of the unknown layer-like particles
during the drying process, TG-DTA analysis was carried out. In the TG-DTA curve, as
shown in Figure 2.20, there are three noticeable endothermic peaks at 148 °C, 450 °C,
and 490 °C. The weight loss at 148 °C is about 13 %, which is attributed to the loss of
crystalline water and the dehydroxylation process. The peaks located at 450 °C and 490
°C is attributed to the release of CI" and the oxygen, of which the weigh loss is nearly
about 15 %. After the TG analysis, the samples continue to perform XRD in order to
investigate the morphological change. The layer-like particles with multiple-pole
reticular structure is shown in Figure 2.21, which is attributed in thé process of
dehydration and dehydroxylation.

These series analysis confirm that the unknown products is the compound of

Zn,O,(OH),, of which CI  ions are partly attached on the surface.

2.8 Reaction formula during the synthesis process

In the present case, rod-like and tube-like ZnO particles have been synthesized
by the decomposition of the layer-like precipitate Zn,O,(OH),, to follow the growth
habit of ZnO. This synthesis route gives suitable conditions and transitional
intermediate of zinc hydroxide-Zn,O,(OH), to obtain well-crystallized ZnO. Under the
given pH and temperature, zinc is thought to exist primarily as [Zn(OH)4> and

Zn(NH3)s**. The ZnOy(OH), is formed by the decomposing of these intermediates.
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Although the system is quite complex, the dominant chemical reaction processes can be

expressed by the following formulas on the basis of our analysis and others [15-22].

5ZnCl,+80H +H,0—>Zns(OH)sCL,H,0+8CI )
Zns(OH)sCl,H,0+120H —5 [ Zn(OH),]*+2CI+H,0 Q)
[Zn(OH),)*+ ++++++[Zn(OH),]* - Zn,0,(OH), 3)

Zn,0(OH), —ZnO+H,0 @)
Zn™ + 4NH;—~ Zn(NH;)s** %)
Zn(NH;),** + 20H — ZnO +4NH; + H,0 6

After analysis of the above results and the dominant chemical reactions in the
system, the growth process of the ZnO particles is more apparent. When the pH is 6, the
precipitate is Zns(OH)sCly"H,O precursor, which can’t form the wurtzite ZnO particles.
At a higher pH of reaction solution, which would be the key factor for controlling the
composition of precursor, the formation of layer-like Zn,O,(OH), precursor via the
solution route can be incorporate by decomposing [Zn(OH)4]2' and Zn(NHa)s*".
Zn,0,(OH), is actually the precipitate filtrated immediately when the pH arrived 7.5. At
the process of aging duration, rod-like ZnO with uniform size were achieved through
dehydration of Zn,Oy(OH), based on the anisotropy of ZnO special crystal structure.
While the precipitate Zn,O,(OH), filtrated after the reaction was dried at 90 °C in air,
the hexagonal ZnO microtubes can be obtained, since the dehydration in the
coordination Zn,O,(OH), were removed faster and the liquid-gas and NH,OH

ionization equilibriums provide a crucial basic condition in the system. At the drying
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system, the precipitate possesses higher crystal growth velocity, which is attributable to
the high concentration of the growth units compared with in the reaction solution. At the
growth process, the length of ZnO rods increases quickly, the morphology of ZnO will
be directed to lower the system energy, directly transform to ZnO microtubes due to the

higher energy at the ZnO polar surface.

2.9 Transmission Electron Microscopy analysis

Figure 2.22 shows the further characterization of the prepared tubes using TEM.
Figure 2.22 (A) is the TEM images of a horizontally cut tube. The dark center and
bright edge indicates the presence of hollow structure inside of the tube. The small
particles observed inside of the tube are believed to be the result of cutting. The inset of
Figure 2.22 (A) is an electron diffraction (ED) pattern selected from the wall of tube,
which reveals that the tube was single crystalline.

The inset of Figure 2.22 (B) is an ED pattern selected from the hexagonal
opening, which indicates that the tube is single crystalline and grew along [0001]
direction (c axis). Regarding the ZnO crystal having a single crystallographic direction
of [0001], it can be simply explained by the ‘‘lowest energy’’ argument, i.e., the
hexagonal (0001) plane of ZnO with wurtzite structure is the closest packed plane in the
crystal, and stacking along the [0001] direction, therefore, becomes energetically

favorable. [23]
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Figure 2.22 TEM images of ZnO microtubes

synthesized and dried at 90 °C
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2.10 Conclusion

In summary, hexagonal ZnO particles with a diversity of well-defined
morphologies have been successfully synthesized via a simple aqueous route. The tubes
presents the diameter in the range of 300 nm-500 nm, and the thickness of wall 30-50
nm, the length of the tubes 1-2.5 um on average. To finely control the morphology of
ZnO particles, the relationship between the morphology and the reaction conditions
were investigated. It is found that pH, drying temperature have significant effect on
ZnO morphologies. The chemical composition is mainly determined by the pH of the
reaction solution. When the pH is 6, the obtained layer-like Zns(OH)sCl,-H,O precursor
can not form ZnO particles, of which the morphology is still layer-like when dried at
higher temperature. While the pH is 7.5, the precipitate is layer-like Zn,O,(OH), that
can form the wurtzite ZnO rods or tubes. The layer-like ZnyOy(OH), precursor dried at
higher temperature can be attributed in the formation of ZnO microtubes.

And the series of drying temperature-dependent experiments reveal that the

growth mechanism of ZnO microtubes is different from the bubble template method.
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CHAPTER 3 SYNTHESIS OF ZnO NANO- AND MICRO-
TUBES USING AMMONIA WATER INSTEAD OF
AMMONIA BUBBLES
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3.1 Introduction

The formation mechanism of ZnO particles with tubular structure is not clear
until now. There are few reports on synthesis mechanism of ZnO microtubes. And
analyses of the microstructure and mechanism of ZnO microtubes are far from well
understood. Anli Yang and Zuolin Cui [1] have reported that synthesis of ZnO tubular
structure by scrolling of ZnO layer structure. Zhuo Wang et al. [2] have proposed that
the growth mechanism of rod-like ZnO crystals formed from layered nanosheet particles
stacking layer by layer and tubes particles obtained from the nanowires self-adjusting in
a hexagonal circle and growing into tube-like particles. There explanations of
mechanisms do not agree with the results of our work. That is because the thickness of
layer is at least 300 nm, which is thicker than the wall thickness of ZnO tubes. Also the
diameter of layer is much larger than one of rod-like particles.

In chapter 2, ZnO microtubes have been synthesized using the introduction of
ammonia bubbles into the zinc chloride aqueous solution. The origin design is using
ammonia bubbles as the soft template to prepare hollow ZnO particles. However, from
Chapter 2, the morphology of the precipitate dried at room temperature is layer-like
rather than tube-like. That means the formation mechanism of ZnO microtubes is
different from the bubble template method.

In this chapter, in order to investigate the growth mechanism, improve and

simplify the experimental process, synthesis of ZnO tubes is by using ammonia water

71



instead of ammonia bubbles. The effect of ammonia, reaction temperature and aging
duration will be discussed. ZnO nanotubes will be synthesized through adjusting the
concentration of zinc ions, reaction temperature and aging duration. The best percentage

of ZnO microtubes and the yield of products will be shown.

3.2 Experimental procedure

3.2.1 Starting materials

All of the reagents were of analytical grade and were used as received. Zinc
chloride of at least 98 % purity and ammonia water of 25 % concentration (From Wako
pure chemical industries, Ltd. Japan), were used as received without further purification.
The aqueous solution of zinc chloride was prepared by the dissolution of the appropriate

zinc chloride in the distilled water.

3.2.2 Synthesis procedure

Figure 3.1 and Figure 3.2 are rlﬂowchart and schematic diagram of synthesis
procedure for fabricating ZnO tubes by the introduction of ammonia water, separately.
The conical flask with the aqueous solution (400 ml) of zinc chloride (purity of 98 %
from Wako, Japan), of which zinc ionic concentration was 0.5 M, was heated in the oil

bath under stirring. The synthesis temperature controlled by the oil bath was kept at
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given temperature. Aqueous ammonia water (25%) was added dropwise into the
reaction solution with stirring until a suitable pH value was 7.5. The precipitate was
obtained as soon as the ammonia water was added into the reaction solution. When the
pH value of the reaction solution reached 7.5, the ammonia water was immediately
stopped. The white precipitate was aging at the reaction solution for given time and then

filtered. Finally the as-prepared samples were dried at 90 °C for 24 h.

Ammonia water

Pre-heating

le
;

Reaction until pH=7.5

Burett

v
Filtrate

'

Dry

!

Analysis

Figure 3.1 Flowchart for the formation of ZnO tubes using

ammonia water
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Figure 3.2 The schematic diagram of preparation procedure for

fabricating ZnO tubes by the introduction of ammonia water
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3.2.3 Characterization

The compositions and crystallographic structures of as-synthesized samples
were characterized by X-ray diffraction (XRD, RINT1100, Rigaku, Japan) by
employing a scanning rate of 0.02°s in the 20 range from 3 ° to 90 ° with CuKa; (40 KV,
30 mA) radiation. The morphologies of products were examined by field emission

scanning electron microscope (SEM, JSM-7000F, JEOL, Japan).

3.3 Effect of ammonia on the formation of ZnO microtubes

First, the effect of ammonia on the formation of ZnO microtubes is investigated
in order to further propose a possible mechanism. The precipitates, which were prepared
at pH 7.5, divided into two parts: one is directly dried at oven with the cover; the other
is washed several times using the distilled water, and then dried as same as one.

Ammonia is thought to provide weakly basic conditions in the aqueous solution
process when the precipitates are dried in atmospheric chemical oven. Although NH,"
jons can coordinate with Zn®* and form Zn(NHs),**, which is instable in a basic
environment. When the temperature of reaction solution is maintained at 90 °C, as it
would rapidly transform into ZnO. Figure 3.3 shows the SEM images of unwashed and
washed sample using the distilled water. Comparison experiments show that ZnO
microtubes only can be obtained when the unwashed precipitate dried at 90 °C. It was

found that the washed sample led to the formation of irregular rod-like particles rather
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than ZnO microtubes. It is worth that ammonia plays a crucial role, which is the key
to construct tubular structure. It is known that ammonia can easily dissolved in water to
give a basic environment, which ammonia can also be easily driven out of the
precipitate during drying process. Then thus two equilibriums exist in the precipitate
when it is heated in oven at 90 °C:

NH4OH =NH; 1 + H,0

NH,OH =NH,' + OH'

The liquid-gas and NH,OH ionizétion equilibriums provide the weakly basic

growth conditions in the drying system.
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Figure 3.3 SEM images of unwashed and washed sample using

the distilled water (A-unwashed; B-washed)
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3.4 Influence of reaction temperature on the formation of ZnO microtubes

JSM 7000
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Figure 3.4 SEM images of ZnO particles synthesized at different

reaction temperature (A-70 °C; B-80 °C; C-90 °C).

Table 3.1 the effect of reaction temperature on the length, diameter aspect ratio of ZnO

microtubes

Reaction Temperature (°C) | Length (um) | Diameter (nm) |  Aspect ratio

70
80 2.0 600 33
90 2.5 500 5
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The temperature-dependent experiments at 70 °C, 80 °C and 90 °C were carried
out for synthesis of ZnO particles, of which SEM images were shown in Figure 3.4.
When the reaction temperature was 70 °C, irregular particles rather than ZnO
microtubes were formed, as shown in Figure 3.4 (A). This indicates that activation
energy barrier for the formation of ZnO microtubes can not be overcome at this
temperature. When the reaction temperature was over 80 °C, hexagonal ZnO microtubes
were obtained, as shown in Figure 3.4 (B) and (C). With the reaction temperature
increase from 80 °C to 90 °C, the aspect ratio of length to outer diameter increases from
3.3 to 5, of which the respective length, outer diameter and aspect ratio are shown in
Table 3.1. This result indicates that the lower reaction temperature leads to the
formation of ZnO microtubes with larger diameters, while the rather higher reaction
temperature results in the increase of ZnO microtubes length. For ZnO, the growth rate
of each of crystal surfaces is difference at various temperatures. At 90 °C, the growth
rate of (0001) surface is faster than that at 80 °C, while the growth rate of {0110}
facets at 80 °C is faster than that at 90 °C. One possible reason is that with increasing
reaction temperature, the size of growth units should increase, which results in the
decrease of the adsorption rate of growth units on {0110} facets at 90 °C. While (0001)
surface possesses the highest energy, the size of the growth units has a little effect on the
adsorption rate of growth units on (0001) surface. The bigger growth units lead to the
higher growth rate along [0001] direction at 90 °C. Therefore, the different aspect ratio

of ZnO microtubes formed at different temperatures is attributed to a different crystal
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growth rate along certain crystal faces due to the effects of temperature on the crystal
growth habit. Hence, the reaction temperature has an important role in the growth rate
of different facets. Moreover, the structure of ZnO particles synthesized at 90 °C is
completely regular hexagonal shape compared with that formed at 80 °C, which is due
to the lower growth rate of {0110 } facets at 90 °C. It is shown that the temperature not
only has a great influence on the morphology of ZnO particles but also affects the size
of ZnO microtubes slightly. Therefore, the reaction temperature is an important factor

for a controllable synthesis of ZnO particles.

3.5 Investigation of aging duration-dependence experiments

To investigate the growth mechanism of ZnO microtubes, in the present study,
aging duration-dependent experiments were successfully carried out, and their
morphologies from the initial stage to ZnO microtubes were recorded by SEM. The
crystal growth process of ZnO tubes can be divided into two stages — the formation of
rod-like particles and transition from rod-like to tube-like particles. At the same time,
the compositions of the wet precipitate at different aging time were analyzed using

XRD.
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Figure 3.5 SEM images of morphological evolution from layer-like to rod-like

particles with different aging duration. (A) — 0 h; (B) - 2 h; (C) - 6 h.
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Figure 3.5 reveals the morphological evolution of ZnO particles adjusting the
aging duration at the first stage. It can be clearly seen that layer-like particles with
10~12 pm in the length of layer-side were obtained without aging duration, shown in
Figure 3.5 (A), which is the white precipitate directly filtrated after the reaction. While
aging duration was 2 h, as shown in Figure 3.5 (B), layer-like particles began to
decomposing into rod-like particles. In the decomposing layer structure, it is likely that
some of rod-like just grow up. Figure 3 (C) shows SEM image of well hexagonal ZnO
microrods formed when the aging duration for 6 h. Some of hexagonal rods assemble

together and form flower-like structure.
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Figure 3.6 SEM images of morphological evolution from rod-like to
tube-like particles with different aging duration. (A) — 6 h; (B) — 3

days; (C) and (D) - 3 months.
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Morphological evolution from rod-like to tube-like particles at the second stage
is shown in Figure 3.6. The magnified images of ZnO rod-like particles with 400 nm in
diameter and 1.5 pm in length on average under the aging duration for 6 h are shown in
Figure 3.6 (A). Figure 3.6 (B) show the morphologies of ZnO samples obtained after 3
days aging duration, the hexagonal shell peel with the column-like particles inside,
which is the evidence of intermediate process in the second stage. The preferential
chemical dissblution of the metastable (001)-Zn faces of the microrods shall lead to the
tubular ZnO particles, as shown in Figure 3.6 (C). The aging duration is such that the
systems will tend to reach their thermodynamic stability and may therefore undergo
variations of morphology, size and structure properties. [3]

Figure 3.7 shows XRD patterns of wet products with different aging time. The
precipitates were filtrated and then analyzed using XRD. The products without aging
duration are the hydrate of zinc oxide precursor. With the aging time increasing, the
precursors turn into zinc oxide. Until the aging time is 8 h, the products still contain
some precursor except zinc oxide. From the SEM images, when the aging time is over 6
h, the morphology of products is rod-like particles. These imply the rod-like particles

still contain some hydrate of zinc oxide precursor.
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Figure 3.7 XRD patterns of wet products with different aging time
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Figure 3.8 XRD patterns of wet precursor scanning range from 5 ° to

90 °and from 10 ° to 90 °

XRD patterns of wet precursor scanning range from 5 ° to 90 ° and from 10 ° to
90 ° are shown in Figure 3.8. Compared with the sample dried at room temperature, the
composition of wet precursor is almost as same as the products dried at room

temperature. The wet precursors are the compound of several kinds of zinc oxide
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hydrate.
3.6 Growth mechanism of ZnO microtubes via the aqueous solution process

The growth habit of crystal is related to the relative growth rate of various
crystal faces bounding the crystal. The difference of the growth rate of various crystals
faces results in different growth habits. Under the aqueous solution, the diffusion of ions
and cdmplex is not the main factor affecting the growth rate, so the growth rate of
various crystal faces is mainly related to their surface energy.

The growth process of ZnO microtubes at the aqueous solution has been
discussed briefly. The conditions of the aqueous solution can be controlled by adjusting
growth temperature and the pH. Meanwhile, the crystal phase of the precipitate was
mainly determined by the pH of the aqueous solution. If the pH was in the range 7 to 8,
the obtained precipitate formed the wurtzite ZnO crystal. In the progress of the
formation of ZnO, the growth units [Zn(NH;)4]** and [Zn(OH)4)> [4-7] encapsulated by
water were formed first. These growth units are easy to attach on the surface of
precipitate. The formation of hexagonal rod-like particles is attributed to the different
growth rate of the various crystal facets and the polar (0001) surface. The relative
growth rate of these crystal surfaces, which can be adjusted by the growth conditions,
will determine the aspect ratio of ZnO microtubes. Genérally, the growth rate of ZnO
crystal in the aqueous solution in the [0001] direction is about twice as fast as that in the

<0110> direction. [8] That is due to (0001) surface has roughly a 60 % higher
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cleavage energy than the nonpolar {0110} facets [9], which results in the higher
growth rate along the [0001] direction with the formation of unstable surface. According
to classical crystal growth theory, a crystal facet grows rapidly, and easily disappears
from the final crystal morphology. Finally ZnO microtubes were formed by the
dissolution of unstable (0001) surface. Figure 3.9 shbws schematic illustration of

possible growth mechanism for ZnO microtubes.
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3.7 Synthesis of ZnO nanotube

In order to control the size of ZnO microtubes and synthesize ZnO nanotubes,
many attempts have been performed so far by adjusting various influence factors, such
as the concentration of zinc ions, reaction temperature and aging time. ZnO nanotubes
have been synthesized at reaction temperature 70 °C. The zinc ionic concentration of
zinc chloride aqueous solution (400 ml) i; 0.25 M and the final pH value is 7.5. After
stop the introduction of ammonia water, the reaction solution was maintained at 70 °C
for 3 h. Then the white precipitate were filtrated and dried at 90 °C for 24 h, as shown in

Table 3.2.

Table 3.2 Conditions for synthesis of ZnO nanotubes

Zn** Reaction Drying Keeping Keeping
. pH .
concentration Temp. Temp. Time Temp.
025M 7.5 70°C 90 °C 3h 70 °C

Figure 3.10 shows SEM images of ZnO nanotubes synthesized at 70 °C with
0.25 M the concentration of zinc ions. The nanotubes have a uniform outer diameter of

80-100 nm, 600-900 nm long and the wall thickness of 10 nm, as shown in Figure 3.10

(B).
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Two important factors are dealt with in this study: the dimension of growth units
and the effect of reaction temperature on the different surface energy. At the lower
concentration of zinc ions, the dimension of growth units is lower. The growth rates on
different crystal surface as well as in different temperature are distinct. At lower
temperature, the surface energy should decrease, which results in the decrease of the
adsorption rate of growth rate on {0110} facets. Meanwhile, in the 0.25 M zinc
chloride aqueous solution and at 70 °C, the size of growth units is smaller than that in
the 0.5 M or at higher temperature. The surface energy has a more significant influence
on the growth rate that the growth units. The growth rates on {0110} facets decrease,
which is mainly attributed to the surface energy. While (0001) surface still possesses the
highest energy although it decreases, however the size of growth units decreases, there
has a little effect on the growth rate along [0001] direction.

It is evident from the above experimental results that adjustment among the
parameters is an effective way to design and synthesize tubular nanostructure of ZnO in

dimensions ranging from nanometers to micrometers.
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Figure 3.10 SEM images of ZnO nanotubes synthesized at 70 °C

with the concentration of zinc ions 0.25 M
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3.8 Percentage of synthesized ZnO tubes and yield of product

From now, ZnO microtubes and nanotubes have been fabricated via the aqueous
solution process. Figure 3.11 shows the highest percentage of synthesized ZnO
microtubes. The percentage of ZnO tube is over 90 % from the broken particles, as
shown in Figure 3.11 (B).

In our study, when the pH value is 7.5 and zinc chloride aqueous solution is 400
ml, of which zinc ionic concentration is 0.5 M, the average yield of ZnO microrods or
microtubes is 9.5 g. This yield is less than the theoretical value 16.2 g, which is caused
by loss of filtration and drying processes and dissolution of zinc complex in the reaction

solution.
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Figure 3.11 SEM images of highest percentage of

synthesized ZnO microtubes
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3.9 Conclusion

This chapter investigated the synthesis of ZnO micro- and nano- particles with
tubular structure, which involved the introduction of ammonia water into the zinc
chloride aqueous solution. This study has the good effect of simpleness, novelty, safety,
easy operation, economy, large-scale production.

The influence of reaction temperature on the morphologies of ZnO samples was
discussed. The results show that the temperature not only has obvious influence on the
morphology but also affect the size slightly. With temperature increase from 80 °C to 90
°C, the aspect ratio of the length to the outer diameter increase from 3.3 to 5.

Through adjusting the concentration of zinc ions, reaction temperature, aging
duration, ZnO nanotubes with uniform outer diameter of 80-100 nm, length of 600-900
nm and the wall thickness of 8-10 nm have been successfilly fabricated. It is a
breakthrough of the aqueous solution technique for synthesis of ZnO particles with
tubular structure.

The morphological evolution with the aging duration has been successfully
obtained. Based on the investigated results, the growth mechanism of ZnO microtubes
has been proposed. The formation of tubes is attributed to the different growth rate of
each facet. The fast growth of [0001] direction cause this surface unstable and
dissolution in the later reaction, resulting in the formation of hexagonal tubular

structure.
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Also, it is shown that the highest percentage of synthesized ZnO microtubes is
over 90 % and the average yield of ZnO microrods or microtubes is 9.5 g, when the pH
value is 7.5 and zinc chloride aqueous solution is 400 ml, of which zinc ionic

concentration is 0.5 M.
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CHAPTER 4 PHOTOLUMINESCENCE PROPERTY AND
X-RAY PHOTOELECTRON SPECTROSCOPY ANALYSIS
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4.1 Introduction

Luminescence is a nonequilibrium process for it needs excitation source, such as
lamp or laser. Depending on the different excitation source, it can be divided into
photoluminescence (PL), which requires optical excitation, electroluminescence (EL),
which needs excitation by electrical current, cathodoluminescence (CL), which results
from electron bombardment, and the other kinds of luminescence. PL is one of most
widely used experimental methods for study of semiconductors, especially
wide-band-gap material.[1-6] Until now, there has been a huge interest in the
wide-band-gap material ZnO. It is mainly due to the fact that ZnO might be a viable
alternative to GaN as ultraviolet light source [7] and the hope to obtain a ferromagnetic
semiconductor at room temperature [8] for spintronic devices. A lot of attention has
been attracted by a multitude of ZnO structure, which is the scientific prospect. The
optical properties are mainly governed by impurities, crystal quality and surface
properties. The surface play a significant role in the process of the luminescence and the
surface states will have profound effect on the luminescence properties.

In order to investigate the photoluminescence properties of as-synthesized ZnO
microtubes via the developed aqueous solution method, PL techniques were carried out.
The green and blue emissions have been frequently reported, which is caused by defects
such as oxygen vacancies, zinc vacancies, interstitial zinc and antisite oxygen. There are

few literatures about the orange-red emission of ZnO microtubes. And the chemical
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state of zinc and oxygen on the surface of ZnO microtubes were studied by the XPS

analysis to explain the mechanism of the PL property.

4.2 Experimental procedure

The photoluminescence characteristics of ZnO tubes were investigated by
photoluminescence measurement using a spectrofluorometer (JASCO FP-6500), which
use an excitation wavelength of 340 nm. The phase composition was investigated by
X-ray photoe]ectron spectroscopy (XPS) on a SSX-100 (Surface Science Instrument)
instrument. A monochromatic Al Ka x-ray radiation was used as excitation source in
the XPS measurement. The energy resolution of the instrument at 20 €V is 0.05 eV as
estimated from the full width at half maximum of the XPS Ag 3ds;, of a pure silver
target. The emitted photoelectrons were detected using a hemispherical analyzer at pass
energy of 20 eV for the C 1s high resolution XPS peaks.

The annealing treatment of ZnO tubes were carried out using an Infrared Image
Furnace (MS-E44-AN, ULVAC SINKU-RIKO, Yokohama, Japan) for 2 h in air. The
temperature increasing rate and decreasing rate are controlled by a temperature program

controller, which are 10 °C/min (TPC-1000, ULVAC, Japan).
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4.3 Results and Discussion

4.3.1 Photoluminescence analysis

Figure 4.1 is the room temperature photoluminescence spectrum of ZnO
microtubes without annealing treatment. PL spectrum possesses a visible emission band.
The visible emission centered at about 582 nm ranging from 400 nm to 660 nm, which
is associated with oxygen vacancies. The broadening of the visible emission can be
ascribed to abundant surface defects. A large quantity of defects and impurities at the
surface of ZnO microtubes can provide new states which can contribute as visible
luminescence centers and broaden the visible emission band. [9]

Figure 4.2 shows PL spectrum of ZnO microtubes annealed for 2 h at 600 °C in
air. When ZnO nanotubes are annealed in air, the number of oxygen vacancies in ZnO
microtubes will decrease. As the result, the oxygen vacancy-related visible emission
intensity decrease, leading to the visible emission center position shifting from 582 nm
to 612 nm, which is attributed to the surface defect-related visible emission intensity.
Compared with the standard PL spectrum of ZnO nanoparticles (20 nm) (Wako Ltd.,
Japan), as shown in Figure 4.3, the visible emission intensity is stronger. On the other
hand, in Figure 4.4, the SEM images show that the annealed ZnO microtubes have

smooth surface, but almost all of ZnO tubes are broken.
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Figure 4.1 Photoluminescence spectrum of ZnO microtubes
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Figure 4.2 Photoluminescence spectrum of ZnO microtubes

annealed at 600 °C for 2 h in air
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Figure 4.3 Photoluminescence spectrum of ZnO nanoparticles (20

nm) from Wako Ltd.
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Figure 4.4 SEM images of ZnO tubes with the annealing treatment
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4.3.2 X-ray photoelectron spectroscopy (XPS) analysis of ZnO microtubes

A broad scan survey spectrum is obtained to identify the elements in ZnO
microtubes. Figure 4.5 shows a typical wide-scan spectrum of as-synthesized ZnO
microtubes. The photoelectron peaks of the main elements, Zn and O, were obtained.
No other impurities were detectable in the XPS spectrum. From the statistical results of
XPS, as shown in Table 4.1, the atom ratio of zinc to oxygen is about 2.67 for ZnO
microtubes without annealing treatment, which shows that ZnO microtubes are zinc-rich.
There are two main reasons: one is that there exist many oxygen vacancies on the
surface of ZnO microtubes; another is that zinc ions and zinc soluble complexes were
adhered onto the surface of ZnO microtubes during the drying process. Zinc
composition of ZnO microtubes decreases from 72.8 % to 41.6 % after annealing
treatment, while oxygen composition of ZnO microtubes increases from 27.2 % to 58.4
%. ZnO microtubes turn into oxygen-rich particles from zinc-rich particles. When the
samples were annealed at 600 °C in air, zinc ions on the surface of ZnO tubes are easer

to be oxidized. At the same time, there are many surface-defects formed.
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Table 4.1 Composition of ZnO microtubes before and after annealing treatment

Without annealing | Annealed at 600 °C for 2 h
Zn atom percentage (%) 72.8 41.6
O atom percentage (%) 27.2 584
Zn/O 2.67 0.71
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Figure 4.5 The survey scan spectrum of ZnO microtubes
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Figure 4.7 Zinc 2p3 spectra of ZnO microtubes with

the annealing treatment at 600 °C for 2 h
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The XPS spectra of ZnO microtubes exhibit two binding energy of Zn-2ps),
located at 1022.1 eV and 1021.9 eV, corresponding to Zn-Cl bonds and Zn-O bonds
separately, as shown in Figure 4.6. Zinc ions attached on the surface of ZnO microtubes
are responsible for the binding energy peak to be positioned at.1022.1 eV. Because after
evaporation, zinc ions and chloride ions are attached on the surface of ZnO microtubes
and the depth of XPS analysis is 0.1-5 nm, the peak of binding energy of 1022.1 eV is
higher than that of 1021.9 eV. During the annealing treatment, zinc ions were very easy
to be oxidized and finally formed zinc oxide, which is responsible for the increase of the
binding energy peak of 1021.9 eV and the decrease of the binding energy peak of
1022.1 eV, as shown in Figure 4.7. Before the annealing treatment, the surface of ZnO
microtubes is zinc-rich, exist oxygen vacancies, PL property is the oxygen
vacancy-related visible emission. When ZnO microtubes were annealed, the number of
oxygen vacancies in the surface of ZnO microtubes will decrease. On the other hand,
the surface defects of the annealed ZnO microtubes increase. As a result, the oxygen
vacancy-related visible emission intensity decreases while surface defect-related visible

emission intensity increases, leading to the redshift of the visible emission center.
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The typical O 1s peaks in the surface of ZnO microtubes can be consistently
fitted by Gaussian, which contains a strong peak at 530.8 eV and a weak peak at 532.1
eV, as shown in Figure 4.8 and Figure 4.9. The component on the low and strong
binding energy side of the O s spectrum at 530.8 eV is attributed to O> ions on the
wurtzite structure of hexagonal Zn®* ion array in the Zn-O bonds. The peak related to
the high binding energy around 532.1 eV is attributed to the presence of chemisorbed or
dissociated oxygen and OH species on the surface of ZnO microtubes. From the
Oxygen 1s spectra of ZnO microtubes without and with annealing treatment at 600 °C
for 2 h, it also can conclude that the surface-defects increase after the annealing

treatment.

4.4 Conclusion

The chemical composition of ZnO microtubes, based og XPS results, reveals
that the concentration of oxygen increase after annealing treatment, that is to say, the
oxygen vacancies decrease. The oxygen vacancy-related visible emission intensity
decreases, while the surface defect-related visible emission intensity increases, leading
to the visible emission center position shifting from orange emission 582 nm to red

emission 612 nm.
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In this study, a large quantity of well-crystalline ZnO nano- and micro-
hexagonal tubes with well-defined crystallographic faces have been directly synthesized
via a facile and new aqueous solution method through introducing ammonia water
(bubbles) into zinc chloride aqueous solution under the relative low temperature (90 °C)
and atmospheric normal pressure, which performed in a glass flask. This research is
particularly taking advantage of easy control, large-scale production, low cost, et al.

Zn0O microtubes presents the diameter in the range of 300 nm-500 nm, and the
thickness of wall 30-50 nm, the length of the tubes 1-2.5 um on average, which are
synthesized at reaction temperature 90 °C, the concentration of starting zinc ions 0.5 M,
the final pH value 7.5, and dried at 90 °C for 24 h.

Through adjusting the concentration of zinc ions, reaction temperature, aging
duration, ZnO nanotubes with uniform outer diameter of 80-100 nm, length of 600-900
nm and the wall thickness of 8-10 nm have been successfully fabricated, which are
synthesized at reaction temperature 70 °C, the concentration of zinc ions 0.25 M, the
final pH value 7.5, and dried at 90 °C for 24 h.

The eternal parameters, such as pH, drying conditions, reaction temperature,
aging process, integrate to dominate the synthesis process, which have been investigated
separately. The growth mechanism has been proposed based on the above investigated
results.

Chapter 1 presents the properties and applications of ZnO particles, the crystal

structure and special growth structure of ZnO, and the conventional techniques for the
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fabrication in order to clarify the background of this study. Accordingly, the goal of this
study was described.

In chapter 2, well-crystalline hexagonal ZnO microtubes were successfully
synthesized via an aqueous solution process through the introduction of ammonia
bubbles into zinc chloride solution. The influence of the final pH value on the formation
of ZnO microtubes was discussed. The initial thought for growth mechanism is using
ammonia bubbles as templates; and then the optimization of drying process was
systematically carried out. From this research, it can be get that the ammonia bubbles is
not the template for the formation of ZnO microtubes, but just as the reactant, which
step further in proposing the formation mechanism. In order to investigate the growth
mechanism and simplify the experimental procedure, continue to study the following
chapter 3.

In chapter 3 investigated the synthesis of ZnO microtubes using the ammonia
water instead of ammonia bubbles in the aqueous solution, which is easier to control.
The effects of ammonia and reaction temperature were discussed in this chapter. In
o-rder to get the evidence of the intermediate morphologies, systematical aging
duration-dependent experiments were compared comprehensively to reveal the
formation and detailed growth process of ZnO particles with tubular structure. Based on
the results and the special ZnO crystal property, the mechanism of the formation of ZnO
tubes was proposed. Also, through adjusting the reaction temperature, the starting

concentration of zinc ions, aging time and temperature, ZnO nanotubes were
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successfully fabricated via the developed aqueous solution method. It is a breakthrough
of the aqueous solution approach for synthesis of ZnO particles with tubular structure.

In chapter 4, the chemical composition of ZnO microtubes, based on XPS results,
reveals that the concentration of oxygen increase after annealing treatment, that is to say,
the oxygen vacancies decrease. The oxygen vacancy-related visible emission intensity
decreases, while the surface defect-related visible emission intensity increases, leading
to the visible emission center position shifting from orange emission 582 nm to red
emission 612 nm. The orange and red emissions of ZnO microtubes were found in ZnO
microtubes via the developed aqueous solution method.

Finally, chapter 5 describes the overall conclusions of the present work.
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