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ABSTRACT

It is well known that nanostructures possess unique electronic, optical, magnetic,
ferroelectric and piezoelectric properties that are often superior to traditional bulk
materials. In particular, one dimensional (1D) nanostructured inorganic materials
including nanofibres, nanotubes and nanobelts have attracted considerable attention
due to their distinctive geometries, novel physical and chemical properties, combined
effects and their applications to numerous areas. Metal ion doping is a promising
technique which can be utilized to control the properties of materials by intentionally

introducing impurities or defects into a material.

v-Alumina (Al,O3), is one of the most important oxides due to its high surface area,
mesoporous properties, chemical and thermal properties and its broad applications in
adsorbents, composite materials, ceramics, catalysts and catalyst supports. y-Alumina
has been studied intensively over a long period of time. Recently, considerable work
has been carried out on the synthesis of 1D y-alumina nanostructures under various
hydrothermal conditions; however, research on the doping of alumina nanostructures
has not been forthcoming. Boehmite (y-AIOOH) is a crucial precursor for the
preparation of y-Alumina and the morphology and size of the resultant alumina can

be manipulated by controlling the growth of AIOOH.

Gallium (Ga) is in the same group in the periodic table as aluminum. B-Gallium (IIT)
oxide (B-Ga,03), a wide band gap semiconductor, has long been known to exhibit
conduction, luminescence and catalytic properties. Numerous techniques have been
employed on the synthesis of gallium oxide in the early research. However, these
techniques are plagued by inevitable problems. It is of great interest to explore the
synthesis of gallium oxide via a low temperature hydrothermal route, which is

economically efficient and environmentally friendly.

The overall objectives of this study were: 1) the investigation of the effect of dopants
on the morphology, size and properties of metal ion doped 1D alumina
nanostructures by introducing dopant to the AIOOH structure; 2) the investigation of

impacts of hydrothermal conditions and surfactants on the crystal growth of gallium



oxide nanostructures. To achieve the above objectives, trivalent metal elements such
as iron, gallium and yttrium were employed as dopants in the study of doped alumina
nanostructures. In addition, the effect of various parameters that may affect the
growth of gallium oxide crystals including temperature, pH, and the experimental

procedure as well as different types of surfactants were systematically investigated.

The main contributions of this study are: 1) the systematic and in-depth investigation
of the crystal growth and the morphology control of iron, gallium and yttrium doped
boehmite (AIOOH) under varying hydrothermal conditions, as a result, a new
soft-chemistry synthesis route for the preparation of one dimensional
alumina/boehmite nanofibres and nanotubes was invented; 2) systematic
investigation of the crystal growth and morphology and size changes of gallium
oxide hydroxide (GaOOH) under varying hydrothermal conditions with and without
surfactant at low temperature; We invented a green hydrothermal route for the
preparation of a-GaOOH or B-GaOOH micro- to nano-scaled particles; invented a
simple hydrothermal route for the direct preparation of y-Ga,O3; from aqueous media

at low temperature without any calcination.

The study provided detailed synthesis routes as well as quantitative property data of
final products which are necessary for their potential industrial applications in the

future. The following are the main areas and findings presented in the study:

e Fe doped boehmite nanostructures

This work was undertaken at 120°C using PEO surfactant through a hydrothermal
synthesis route by adding fresh iron doped aluminium hydrate at regular intervals of
2 days. The effect of dopant iron, iron percentage and experimental procedure on the
morphology and size of boehmite were systematically studied. Iron doped boehmite
nanofibres were formed in all samples with iron contents no more than 10%.
Nanosheets and nanotubes together with an iron rich phase were formed in 20% iron
doped boehmite sample. A change in synthesis procedure resulted in the formation of
hematite large crystals. The resultant nanomaterials were characterized by a

combination of XRD, TEM, EDX, SAED and N, adsorption analysis.



e Growth of pure boehmite nanofibres/nanotubes

The growth of pure boehmite nanofibres/nanotubes under different hydrothermal
conditions at 100°C with and without PEO surfactant was systematically studied
to provide further information for the following studies of the growth of Ga and
Y doped boehmite. Results showed that adding fresh aluminium hydrate
precipitate in a regular interval resulted in the formation of a mixture of long and
short 1D boehmite nanostructures rather than the formation of relatively longer
nanofibres/nanotubes. The detailed discussion and mechanism on the growth of
boehmite nanostructure were presented. The resultant boehmite samples were
also characterized by N, adsorption to provide further information on the surface

properties to support the proposed mechanism.

e Ga doped boehmite nanostructures

Based on this study on the growth of pure boehmite nanofibre/nanotubes, gallium
doped boehmite nanotubes were prepared via hydrothermal treatment at 100°C in
the presence of PEO surfactant without adding any fresh aluminium hydrate
precipitate during the hydrothermal treatment. The effect of dopant gallium,
gallium percentage, temperature and experimental procedure on the morphology
and size of boehmite was systematically studied. Various morphologies of
boehmite nanostructures were formed with the increase in the doping gallium
content and the change in synthesis procedure. The resultant gallium doped
boehmite nanostructures were characterized by TEM, XRD, EDX, SAED, N,
adsorption and TGA.

¢ Y doped boehmite nanostructures

Following the same synthesis route as that for gallium doped boehmite, yttrium
doped boehmite nanostructures were prepared at 100°C in the presence of PEO
surfactant. From the study on iron and gallium doped boehmite nanostructures, it
was noted both iron and gallium cannot grow with boehmite nanostructure if iron
nitrate and gallium nitrate were not mixed with aluminium nitrate before

dissolving in water, in particular, gallium and aluminium are 100% miscible.



Therefore, it’s not necessary to study the mixing procedure or synthesis route on
the formation of yttrium doped boehmite nanostructures in this work. The effect
of dopant yttrium, yttrium percentage, temperature and surfactant on the
morphology and size of boehmite were systematically studied. Nanofibres were
formed in all samples with varying doped Y% treated at 100°C; large Y(OH);
crystals were also formed at high doping Y percentage. Treatment at elevated
temperatures resulted in remarkable changes in size and morphology for samples
with the same doping Y content. The resultant yttrium doped boehmite
nanostructures were characterized by TEM, XRD, EDX, SAED, N, adsorption
and TGA.

e The synthesis of Gallium oxide hydroxide and gallium oxide with

surfactant

In this study, the growth of gallium oxide hydroxide under various hydrothermal
conditions in the presence of different types of surfactants was systematically
studied. Nano- to micro-sized gallium oxide hydroxide was prepared. The effect
of surfactant and synthesis procedure on the morphology of the resultant gallium
oxide hydroxide was studied. B-gallium oxide nanorods were derived from
gallium oxide hydroxide by calcination at 900°C and the initial morphology was
retained. y-gallium oxide nanotubes up to 65 nm in length, with internal and
external diameters of around 0.8 and 3.0 nm, were synthesized directly in
solution with and without surfactant. The resultant nano- to micro-sized

structures were characterized by XRD, TEM, SAED, EDX and N, adsorption.

e The synthesis of gallium oxide hydroxide without surfactant

The aim of this study is to explore a green synthesis route for the preparation of
gallium oxide hydroxide or gallium oxide via hydrothermal treatment at low
temperature. Micro to nano sized GaOOH nanorods and particles were prepared
under varying hydrothermal conditions without any surfactant. The resultant
GaOOH nanomaterials were characterized by XRD, TEM, SAED, EDX, TG and
FT-IR. The growth mechanism of GaOOH crystals was proposed.
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CHAPTER 1

Introduction and Literature review

1.1 Introduction

One nanometre (nm) is one billionth of a meter, which is the size of a large molecule.
A structure with at least one dimension between 1 and 100 nm is defined as a
nanostructure. Nanoscale structures have unique properties [1, 2]. Most of their
behavior cannot be described by classical mechanics, but can only be explained by
quantum mechanics [3]. The most interesting and important property of
nanostructures is that their chemical and physical properties are size and shape
dependent. Due to quantum size effects, nanostructures possess unique electronic,
optical and magnetic properties superior to traditional bulk materials. The
size-dependent behavior of these nanostructures enables researchers to design and
produce devices with particular or advanced properties, such as high performance
electronic and optoelectronic devices by employing nanostructures as building blocks

[4-6].

Although the interesting nanoscale effects have been recognized for a long time, it
was not until the year of 1960 that scientists began to seriously move into this area
[3]. Since the discovery of carbon nanotubes in 1991 [7], there have been significant
efforts to synthesize nanostructures. However, the development on nanoscale research
stayed at a very low rate until the year 2000 due to the lack of instrumentation
suitable to manufacture and characterize such small structures. There are two basic
approaches for nanofabrication. One is the top-down method; the other is the
bottom-up method. In the past years, especially before the late 1980s,
nanofabrication was mainly carried by the top-down method which starts with bulk
material and cuts it until it is down to the nanoscale. Conversely, starting with
individual atoms and building up to a nanostructure is called bottom-up

nanofabrication [3].

In the past few years, supported by the advanced measuring and manufacturing

techniques, nanotechnology is becoming one of the most interesting fields in today’s
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science, business and news. In Australia, nanotechnology is also a rapidly growing
area of research, development and commercialization. It is supported by strong
government commitment, business initiatives and international collaboration which
will ensure the nation’s place at the forefront of this emerging strategic industrial and
scientific capability. According to a government report in 2005, combined with state
and territory governments and private entities, up to AU$100 million per annum is
being invested for research and commercialization purposes [8]. The fundamental
research work of nanotechnology in Australia is quickly leading to applications
across a range of industries ranging from complex surface coatings to new forms of

drug delivery and quantum computing devices [8].

A variety of materials including carbons, metals, glass, polymers and ceramics have
been employed to produce nanomaterials or nanostructures. Based on the
morphology, nanostructures can be roughly grouped into four categories [9]:
zero-dimensional nanostructures; one-dimensional nanostructures; two-dimensional
nanostructures and special nanomaterials. Spheres, cubes and platelets are some of
the possible morphologies for nanoparticles; nanofibres, nanowires, nanoribbons,
nanobelts and nanotubes are considered as one-dimensional nanostructures;
nanofilms are the typical morphology for two-dimensional nanostructures; while
some bulk materials with nanosized building blocks, such as nanograined ceramics

and nanocomposites are classified as special nanomaterials.

Synthesis of inorganic nanostructures has been of great interest in material science
and nanotechnology over the last decades [1, 2, 7]. Due to the distinctive geometries,
novel physical and chemical properties, combined effects and their applications in
numerous areas, one dimensional (1D) nanostructured inorganic materials
(nanofibres, nanotubes, nanobelts and nanowires) have attracted considerable

attention [10, 11].

This review will focus on the synthesis of 1D aluminum and gallium based

nanostructures via a soft chemistry method.
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1.2 Synthesis of aluminum based 1D nanostructure

1.2.1 The importance of alumina

Alumina (ALO3), is one of the most important metal oxides and has been studied
intensively over a long period of time because of its broad applications in adsorbent
[12, 13], composite materials [14, 15], ceramics [16-18], catalysts and catalyst
supports [19, 20]. At least seven transition alumina phases have been reported so far
on the basis of *’Al MAS NMR spectroscopy, powder X-ray diffraction (XRD) and
other scattering techniques [21-25]. Among these, y-Al,Os is widely used in catalysis
as an active phase and is characterized by having acidic sites which determines the
activity and selectivity of the catalyst for specific catalytic reactions [26]. Due to its
excellent thermal stability and chemical properties, y-alumina has also been
extensively used as carrier and support for a variety of industrial catalysts in many
chemical processes including cracking, hydrocracking, and hydrodesulfurization of
petroleum feedstock [19, 20, 27]. Since nanomaterials possess large surface areas,
research into the nanochemistry of alumina based nanomaterials will lead to new

catalysts.

1.2.2 The importance of boehmite for the fabrication of alumina
nanostructure

Alumina is formed through the thermal dehydration of aluminum hydroxides and
oxyhydroxides. Among the alumina precursors, boehmite (y-AIOOH) is of special
interest because its transformation into y-Al,Os is pseudomorphic which preserves
the boehmite texture [28]. It was reported that y-Al,Os; was formed through the
dehydration of the boehmite at temperatures ranging from 400 to 700°C [21, 23,
28-30]. During heating, boehmite nanostructures undergo an isomorphous

transformation to nanocrystalline alumina.
It is well known that the properties of nanostructured materials depend on their size

and morphology. Therefore the investigation of morphology and size control of

boehmite is of fundamental importance in designing the properties of alumina one
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dimensional (1D) nanomaterial, such as nanofibres, nanowires, nanotubes and
nanoribbons. This is of great interest due to their special properties for fabrication of
nanodevices [10, 31-33]. Since boehmite nanofibres were first synthesised by John
Bugosh in 1961 [34], intense effort has been devoted to the investigation of 1D
boehmite nanostructures including nanofibres [35-41], nanobelts [42], nanorods [43]

and nanotubes [37, 44] via hydrothermal routes.

1.2.3 Studies on the synthesis of boehmite or alumina nanostructures.

As discussed above, controlling the particle size and morphology is of great interest
to improve the potentialities of alumina in catalysis. Various boehmite synthesis
procedures have been investigated in the literature in order to control particle size

and morphology as well as porosity of the resulting powders.

Boehmite can be obtained by several techniques including sol-gel [45-48],
neutralization of acidic salts [35, 36], precipitation of aluminates [49], laser ablation
[50] and template-based synthesis [51]. Because of significant advantages including
controllable particle size, low temperature, cost-effectiveness and less-complicated
techniques, sol-gel and the neutralization of acidic salts by direct addition of a base
such as NaOH, NH4OH or thermal decomposition of urea are the most usual ways.
The size and morphology of the boehmite formed from the hydrolysates depend on
the conditions such as pH, temperature, nature of salts and bases, pressure and also
the ageing of the hydrolysates [52]. Ageing can affect the rates of peptisation of the
alumina sols. Ageing of the oxy-hydroxides as gels causes structural changes in the
sequence amorphous-pseudoboehmite-bayerite-gibbsite [53, 54]. The synthesis of
boehmite or alumina nanostructure via hydrothermal or sol-gel methods can be

roughly divided into two groups: with surfactant and without surfactant.

1.2.3.1 Without surfactant

In this study, fibrous boehmite precipitate as well as sol was prepared by hydrolysis
of a basic aluminum chloride solution at 160°C with a reaction time ranging from 4
to 16 hours. The resulting boehmite consisted of stable colloidal fibrils, ~5 nm in

diameter, which is physically analogous to linear, high molecular weight organic
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molecules.

Morgado et al. [55] investigated the synthesis of boehmite from hydrolysed
aluminum nitrate solutions and discussed the relationship between the synthesis
conditions and the peptisation ability of the resulting boehmite gel. Boehmite was
synthesized through neutralizing an aluminum nitrate solution with NH4OH under
various conditions, followed by an aging step at high OH/AI ratio and temperature.
Two methods of adding the reactants were used in the neutralization step including
sequential dosing with variable pH and simultaneous dosing with constant pH [55].
Two different temperatures (25°C and 85°C) were used as variable parameters in the
neutralization step. It was reported that low temperature precipitation resulted in the
formation of peptisable boehmite, whereas high temperatures combined with high
OH/ALI ratios (>3.0) led to nonpeptisable boehmite [55]. Randomly interconnected
fibrils were formed in nonpeptisable boehmite samples. In particular, agglomerated
fibril bundles were formed in the sample synthesized at 85°C via simultaneous

dosing at a OH/Al ratio of 3.1 [55].

Martens et al. [56] investigated the structure and peptisation of boehmite and alumina
prepared from Hydrolysis of tri-sec-butoxyaluminum (III) (ASB). The alumina
hydrolysates were prepared by adding modified ASB solution into alkoxide water
solution at a molar ratio of 1:100 alkoxide to water under vigorous stirring at
different temperatures. Amorphous aluminum oxy hydroxide was formed on the
hydrolysis of ASB in water at 25°C. This amorphous AIOOH underwent ageing and
formed pseudoboehmite then bayerite via a dissolution-re-precipitation process.
When alumina, precipitated from the action of water on ASB at 75°C, formed
pseudoboehmite, no ageing process was observed. Boehmite nanofibres were formed

after 2 hours ageing at 75°C.

Hochepied et al. [35, 36] studied the effect of precipitation condition including pH
temperature and mixing procedure on the morphology and porosity of boehmite
particles synthesized by precipitation of aluminum nitrates with soda. The results
showed that one-step synthesis at 60°C, pH 9 led to a crystallized boehmite phase
where polycrystalline boehmite nanofibres were formed; two-step synthesis by

temperature and pH jumps to 60°C, pH 9 resulted in the formation of an isolable
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amorphous hydroxide firstly, and then the amorphous phase subsequently
transformed into porous boehmite constituted by the agglomeration of irregular
boehmite nanocrystals [36]. It was also reported that the mixing procedure did affect
the morphology of resultant boehmite by keeping the identical aging condition (T
60°C, pH 9, 2 hours aging) [35]. Injection of nitrate aluminum solution into soda and
injection of soda to nitrate aluminum solution led to microporous boehmite and
bayerite respectively; whereas double jet procedure resulted in the formation of

boehmite nanofibres [35].

Kuiry et al. [57] reported a solution-based chemical synthesis of boehmite nanofibres
and alumina nanorods by a modified sol-gel process in the presence of organic
solvent. The conventional processe for alumina synthesis includes hydrolysis of the
aluminum alkoxide at about 80°C, followed by a series of synthesis steps such as
peptisation in mild acidic condition, solvent evaporation, drying, and calcination [57].
In this study, boehmite nanorods were synthesized by the following steps: 1)
Preparing aluminum isopropoxide in anhydrous ethanol under magnetic stirring; 2)
Adding ethanol solution with 4% water into it; 3) Reacting for 15 h to form a viscous
liquid; 4) calcinating at 600°C for 4 hours [57]. The length of the resulting

boehmite/alumina nanorods were up to 10 pm whereas the diameter varied.

Bokhimi et al. [58] investigated the properties of colloidal particles in a sol prepared
with aluminum tri-sec-butoxide and 2-propanol containing different concentrations
of sulphuric acid. The particles were nanocapsules with diameters between 10 and 50
nm and shells 3.5 nm thick. Boehmite nanofibres were formed at low sulphate ions
where the nanocapsules interacted with each other leading to the reorganization of
atoms. High sulphate ions diminished the interaction by covering all the
nanocapsules in the sample [58]. Therefore the morphology of boehmite can be
controlled by adjusting the concentration of sulphate, consequently, control the

texture of the sample when it was calcined.

Zhang et al. [59] reported a template-free preparation method for the synthesis of
boehmite nanowires. The boehmite nanowires in this study were prepared using
AICl; and Na,;B405 as precursors and hydrothermally treated at 200°C for 24 hours.

The resulting nanowires with an average diameter of ~20 nm are arrayed in an
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ordered fashion and are closely packed together. It was reported that the morphology
and size of the AIOOH strongly depend on alkali salts Na,B4O7. Without Na,B4O7 no
precipitate was observed. Irregular nanowires were observed when Na,B4O; was
replaced by NaOH. The authors proposed that adding Na,B4O; in this system
increased the chemical potential of the solution which would be advantageous for 1D
nanostructure growth [60]. Shen et al. [43] synthesized boehmite nanorods using
AI(NO;); and NH4OH as precursors thermally treated at 200°C for up to 48 hours via
a steam-assisted solid wet-gel route. After five hours calcination at 600°C, y-Al,O3

nanorods with clear-cut edges were obtained.

Lepot et al. [61] prepared platelet-shaped nanostructures together with a small
amount of fibular y-boehmite and y-alumina nanoparticles by hydrothermal treatment
using aluminum iso-propoxide as precursor without using any surfactant. Irregular
shaped y-boehmite nanoparticles were prepared by Potdar et al. [62] using aluminum
nitrate and sodium carbonate as starting materials at 70°C. The catalytic property of

the resultant y-alumina was tested.

1.2.3.2 With surfactant

Kuang et al. [44] reported the formation of tubular boehmite and alumina
nanostructures using AICl; and NaOH as precursors at 120°C via hydrothermal
treatment in the presence of a cationic N-cetyl-N,N,N-trimethylammonium bromide
(CTAB) surfactant. The resulting nanotubes are typically 30~70 nm in length, 3~4
nm and 5~6 nm for inner and outer diameters respectively. The BET surface areas of
the boehmite AIOOH and y-alumina are 137.5 and 205.5 m®> g, respectively. The
authors proposed that CTA™—AIO, ion pairs are formed initially by electrostatic
interaction between the CTAB surfactant and the NaAlO, in aqueous solution,
followed by the formation of ordered lamellar structures via the assembly of
CTA"-AIO;" ion pairs under the hydrothermal conditions. These lamellar sheets
began to loosen at the sheet edge and roll into separate scrolls with increasing

reaction temperature.

Zhang et al. [38, 63] synthesized porous lath to rod shaped alumina nanoparticles by
ageing an aqueous mixture of [Al;304(OH),4(H20)12]Cl; with a nonionic tri-block
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Pluronic P84 ((EO);9(PO)39(EO)9) surfactant at 150°C. After calcination,
mesostructured aluminas, composed of y-Al,O; walls were formed. The results
indicated that the key to obtaining these structures is the formation of a
mesostructured surfactant/boehmite precursor, assembled through the hydrolysis of

an aluminum cation, oligomer, or molecule in the presence of a nonionic surfactant

[38, 63].

Lee et al. [37] studied the effect of surfactants on the morphology of
boehmite/alumina by using tri-sec-butoxide as precursor hydrothermally treated at
150°C for 72 hours followed by 4 hours calcination at 500°C in the flow of air.
Cationic, anionic, neutral and nonionic surfactants were employed for this study.
Using cationic and noionic surfactant led to the formation of isolated individual and
branched nanotubes. Nanofibres and nanorods were formed for samples synthesized
with anionic and neutral surfactant respectively. Lee et al. [37] also compared
synthesis methods with and without organic solvent (1-butanol). It was reported that
with organic solvent, mesoporous alumina molecular sieves with a wormhole like
morphology were formed [64] whereas nanofibres were formed under the same
condition but without organic solvent in Lee and co-workers study. Based on the
research of Lee et al. [37], Kim et al. [65] reported the preparation of lithium doped
alumina nanotubes, 3.6~6.9 nm in diameter and 100~400 nm in length. Since the Li
ions in this material appeared to be highly mobile at moderate conditions, the lithium

alumina could be a promising candidate as a solid ionic conductor [65].

Zhu et al. [66] prepared fibrous crystallites of y-alumina about 3-4 nm thick and
30-60 nm long by introducing nonionic poly(ethylene oxide) surfactant to aluminum
hydrate colloids. Results showed that the surfactant can effectively direct the crystal
growth of boehmite and the crystal morphology of the final y-alumina crystallites.
Boehmite nanofibres stack randomly, resulting in a structure with a low contact area
between the fibers but with a very large porosity. Such a structure exhibits strong
resistance to sintering when heated to high temperatures. Zhu et al. [40] also reported
a novel approach for the growth of the boehmite nanofibers. When fresh aluminum
hydrate precipitate was added at regular interval to the initial mixture of boehmite
and PEO surfactant at 373 K, the nanofibers grow from 40 to 50 nm long to over 100

nm. The results indicate that the surfactant micelles play an important role in the
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nanofiber growth: directing the assembly of aluminum hydrate particles through
hydrogen bonding with the hydroxyls on the surface of aluminum hydrate particles
[40]. Meanwhile a gradual improvement in the crystallinity of the fibers during
growth is observed and attributed to the Ostwald ripening process. Using such an
approach, the size and morphology of boehmite nanofibres can be precisely
controlled through soft chemical methods [66]. This novel approach could be useful
for low temperature, aqueous syntheses of other oxide nanomaterials with tailorable
structural specificity such as size, dimension and morphology. This method has been
applied to the synthesis of FeOOH 1D nanostructures and iron doped boehmite

nanostructures by Frost’s group [67].

Gao et al. [42] prepared 10 nm wide single crystal boehmite nanobelts by a simple
and efficient ‘molecule tailoring lamella” route. In this study, anionic surfactant AOT
was employed. Different size nanobelts can be obtained by only changing the
concentration of the tailoring agent. Gao et al. [42] proposed that when the anionic
surfactant is used in the formation of the lamellar hydroxyl inorganic-surfactant
mesostructures, the surfactant will interact with the hydrogen atom of the hydroxyl
and gradually break the hydrogen bonds resulting in splitting of the lamellar

structures and produce thin and narrow belt-like nanostructures.

Kim et al. [68] prepared high surface area boehmite nanofibres and nanosheets via a
simple sol-gel route using aluminum iso-propoxide, acetic acid and 2-propanol as the
Al precursor, solvent and hydrolysis rate controller, respectively. The surface area of
the resulting boehmite nanostructures was ~ 442.9 m’g™' by digestion of precipitate at

80°C for 20 hours.

Liu et al. [69] synthesized mesoporous y-aluminas via hydrothermal processing using
boehmite sol as precursors and non-ionic surfactant EO,)PO70EO,y as the
structure-directing agent. Nanofibres were observed in the boehmite sol and the
resultant y-alumina. The properties of Fe and Pb loaded alumina catalysts were also

investigated.

Besides these 1D boehmite or alumina nanostructues, Naskar et al. [70] reported the

preparation of uniform spherical boehmite nanoparticles at the presence of
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surfactant through two-reverse emulsion approach and the average particles size of
boehmite was around 10 nm. Zhang et al. [71] synthesized flower-like three
dimensional boehmite nanoarchitectures using AICl; as the precursor via
hydrothermal treatment in a mixed ethanol-water solution without employing
templates or matrixes. In his study, AICI; ethanol-water solutions were treated at
200°C for 72 hours followed by annealing the AIOOH nanoarchitectures in air
atmosphere at 1000°C for 5 hours after which 0-Al,Os flowerlike nanoarchitectures

were obtained [71].

1.2.4 Others studies related to this project

To a large extent, the key for fabrication of functional catalysts, ceramics and
nanostructures is manipulation of the surface and interfacial energies. As for alumina,
the transformation from y-alumina (defect spinel structures) into the a-alumina
(corundum structure) leads to a dramatic decrease in surface area. Therefore, the
major challenge for alumina in applications as catalyst supports and ceramic
precursors is to retain large surface areas during high-temperature annealing. In
order to manipulate the phase transformation temperature and surface area of
alumina, Castro et al. [72] investigated the relationship between dopants and surface
energy and thermodynamic stability of y-alumina by using Zr and Mg as additives.
Results showed that dopants changed the pattern of phase transformation and
densification. Zr doped y-alumina showed a higher energy of the hydroxylated
surface than that of pure y-alumina but showed a lower energy of the anhydrous
surface. Mg additions did not significantly change surface energies but decreases the
energetic instability of the y-alumina phase. Djuri¢i¢ et al. [73] also studied the
morphology and thermal stability of Zr doped alumina prepared by homogeneous
precipitation from an aqueous salt solution followed by calcination in air. Boehmite
nanofibres and nanosheets with irregular shape were formed after hydrothermal
treatment. The results showed that zirconia was insoluble in a-Al,O; so that phase
transformation to a-Al,O; was accompanied by a phase separation to form an
alumina-zirconia nanocomposite. The thermal stability of the transition phases was

increased both by the dopant and by hydrothermal treatment.
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Xue et al. [14] synthesized Fe-Al,O; nanocomposite by reducing a mixture of
FeOOH and AIOOH dry gel at different temperatures in a hydrogen atmosphere and
studied the magnetic properties of the Fe-Al,O3; nanocomposite. The results showed
that the magnetic properties of the nanocomposite can be controlled by the

concentration and size of the Fe nanoparticles.

Van Bruggen [74] successfully prepared colloidal core-shell rods with adjustable
aspect ratios. In this study, colloidal boehmite nanorods were used as cores for the
preparation of rods with a silica shell. The results showed that the silica/boehmite
nanorods are stable in various solvents including water, ethanol, propenol and

dimethylformamide (DMF).

Among those non-reducible oxide supporting Au catalysts, Au/ y-Al,O; is of great
interest for both practical application and academic study. Han et al. [75] studied the
catalytic properties of Au nanopaticles supported on 1D y-Al,O3; nanofibres and
commercial y-Al,O3; during CO oxidation at low temperature. The results showed
that the activity of the Au catalysts supported by y-Al,O; nanofibres was remarkably
higher than that supported by commercial y-Al,Os. It was also reported that tiny
modifications of the structure of y-Al,O3 matrix may have a strong influence on the

structure and activity of the Au nanoparticles.

Alumina coating of particles has been used in many fields such as ceramics, battery
materials, phosphors, magnetic materials and pigments. A layer of alumina oxide
coating can increase the amount of —OH groups on the particle surface which can
improve the dispersibility of the particles in aqueous solution and provide more
active sites for further organic modification. Wu et al. [76] synthesized hydrous

alumina coated TiO, particles via aqueous precipitation.

Petre et al. [77] reported that gallium-containing catalysts exhibit very interesting
catalytic properties in the selective catalytic reduction (SCR) of NOy with
hydrocarbons in the presence of oxygen and in the dehydrogenation and/or
aromatization of alkanes. Different oxide matrices have been tested in Petre et al.’s
study [77] as supports for gallium oxide. In particular, alumina-supported gallium

oxide is the most promising candidate for practical applications due to its high
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activity, selectivity and hydrothermal stability.

1.3 Synthesis of gallium based 1D nanostructure

1.3.1. The importance of gallium oxide

Gallium (II) oxide, also known as gallia, is a chemical which may be fired into
ceramic material with high melting point of about 1900°C. It behaves like an
insulator at room temperature and as a semi-conductor above 800°C owing to its

wide band gap [78].

Gallium oxide can crystallize forming the polymorphs a, B, v, 6 and &, similar to
alumina. Among these five modifications, p-Ga,Os is the only thermodynamically
stable polymorph and has a monoclinic structure where Ga’" ions occupy both
distorted tetrahedral and distorted octahedral sites. f-Ga,Osz is a wide band gap
semiconductor (E, = 4.9 eV) and has long been known to exhibit both conduction
and luminescence properties [79, 80]. B-Ga,Os is chemically and thermally stable
and is useful for insulating oxide layers for all gallium-based semiconductors [81,
82]. Also, B-Ga,Os has potential application in optoelectronic devices including
flat-panel displays, solar energy conversion devices, optical limiters for ultraviolet
light, and high-temperature stable oxygen gas sensors [81, 83-89]. Furthermore,
gallium oxide can be employed as a catalyst [77, 90, 91]. In particular, a large surface
area/volume ratio is necessary for both sensor and catalyst applications.
Low-dimensional structures which possess large surface area/volume ratios, such as
nanowires, nanoribbons, nanotubes and nanosheets display interesting properties
which can be exploited in fabricating the next generation of optoelectronic and

sensing devices.

1.3.2 Studies on the synthesis of gallium oxide hydroxide and gallium oxide
nanostructures.

It is noted that the recent studies on the synthesis of one-dimensional gallium oxide

nanostructures usually involves several techniques such as physical evaporation via a
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vapour-solid process [79, 83, 92-94], chemical vapour deposition [95-98], thermal
evaporation [99], implantation-assisted synthesis [100], arc discharge [81],
catalyst-assisted methods [82, 86, 101], oxidation milling of GaN powder [102], laser
ablation [103], thermal annealing [104, 105] and microwave plasma [106, 107].
However, these methods face several kinds of problems. Firstly, they are time
consuming and complex procedures through which some other nanostructures are
needed to induce and direct the growth of the gallium oxide nanostructure and this
leads to troubles in purification; secondly, high operation temperatures, usually
around 1300°C or even above 1600°C are required; thirdly, introducing Ni, C and
expensive elements (such as Au) as catalyst may influence the properties of the target
materials and those are difficult to remove from the gallium oxide nanostructures. It
is of great interest to explore the synthesis of gallium oxide hydroxide or oxide via a
low temperature hydrothermal route, which is economically efficient and

environmentally friendly.

Gallium oxide can be obtained by dehydration of gallium oxide hydroxide (GaOOH).
As with aluminum, the chemical, microstructure and physical properties and
morphology of gallium oxide depends on its precursor which means that it is possible
to control the properties of gallium oxide by varying the precipitation chemistry of

the corresponding precursor [108].

Here we mainly focus the synthesis of gallium oxide hydroxide and gallium oxide

via hydrothermal routes.

1.3.2.1 Investigations on the growth of GaOOH and Ga;O; nanostructures via
hydrothermal reaction.

Similar to aluminum, the chemical, micro-structural and physical properties and
morphology of gallium oxide depend on its precursor which means that it is possible
to control the properties of gallium oxide by varying the precipitation chemistry of
the corresponding precursor. It is well known that the important precursor for
synthesis of gallium oxide is gallium oxyhydroxide (GaOOH). Thus, studies on the
synthesis of GaOOH in solution are primary and important steps for preparation of

gallium oxide via hydrothermal route.
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® Studies on the synthesis of GaOOH precipitate in solution

The precipitation of GaOOH from solutions has been studied for a long time. In 1939,
Laubengayer et al. [109] synthesized a-GaOOH from a gel by the hydrolysis of
gallium nitrate or gallium chloride after calcination at temperatures between 110 and
300°C. Gimblett [110] monitored the hydrolysis of Ga(ClO4); solutions and the
formation of the solid phase at 50°C using turbid metric and pH measurements. The
crystalline phase was identified as gallium oxyhydroxide. Sato et al. [111] studied
GaOOH precipitates prepared by mixing gallium chloride and wvarious alkalis
including NaOH, KOH, NH,OH, NaHCO; and Na,COs. These authors reported that
the freshly precipitated precursor obtained at pH values varying between 6 and 10
were all X-ray amorphous and converted to crystalline o-GaOOH with an
orthorhombic crystal structure similar to that of diaspore (a-AlIOOH) after about one
day of ageing. Yada et al. [112] investigated the precipitation process induced by
heating the aqueous system of GaCls+urea+sodium dodecyl sulphate (SDS). A
templated mesophase with hexagonal and lamellar structures were formed. Jung et al.
[113] studied GaOOH precipitate synthesized by adding urea to an aqueous solution
of gallium nitrate where the mole ratio of gallium salt to urea was 1:3, followed by
stirring overnight at 80-90°C. The resulting GaOOH possessed a rod-like
morphology.

® Studies on synthesis of GaOOH or Ga,O3 nanostructures via hydrothermal
route

Although a great effort has been devoted to investigate the synthesis of GaOOH
precipitate in solution, little work has been carried out to synthesize gallium oxide
hydroxide and gallium oxide nanostructures based on aqueous solution system, in
particular one dimensional (1D) nanostructures via hydrothermal routes based on

aqueous solution systems.
Hamada et al. [114] reported the formation of mono-dispersed GaOOH particles

with diameters of ~100 nm in the presence of sulphate by hydrolysis at elevated

temperatures. Avivi et al. [115] synthesized scroll-like layered gallium oxide
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hydroxide GaOOH using sonochemical reduction.

Tas et al. [116] produced GaOOH quadrilateral prisms and spindle-like nanoparticles
by forced hydrolysis of Ga®" ions in pure water or in the presence of decomposing
urea. After calcination at high temperature, the spindles lose their morphology and
the quadrilateral prisms maintain their morphology but with some nanoscale pores on

them.

Risti¢ et al. [117] studied the application of sol-gel methods in the synthesis of
gallium oxyhydroxide and gallium oxide by hydrolysis of gallium isopropoxide and
GaCl; in the presence of tetramethylammonium hydroxide in water solution. A
completely amorphous precipitate was obtained by hydrolysis of gallium
isopropoxide in pure water at room temperature. Nanosized a-Ga,Os particles (10~20
nm) were formed by heating the gallium oxyhydroxide at 500°C. These authors
reported that the size and morphology of the particles in the samples strongly

depended on the starting chemicals and the conditions of the experiment.

Cheng et al. [118] prepared Ga,Os nanotubes by immersing alumina membranes in
amorphous Ga;Os3 'nH,O sol, followed by drying and heating at 500°C. Amorphous
Ga,05'nH,0 gel was precipitated from ethanolic solution of Ga(NO;); using
ammonia solution, then the precipitate was thermally treated to obtain y-Ga,O; or

B-Ga203.

Most recently, Zhang et al. [119] prepared GaOOH nanorods through a facile
large-scale hydrothermal process from GaCl;-H,O-NaOH solutions under suitable
pH conditions. Results showed that the aspect ratio of the nanorods could be
modulated from 1:7 to 1:15 using diethyleneglycol (DEG) and water mixed solvent.
The pH value variation in water resulted in different nucleation rates, which led to
different structures from quadrilateral nanorods to nanorods arrays. B-Ga,Os; was
obtained by dehydrolation of GaOOH nanorods at 900°C in air. The resulting
B-Ga,Os retained the morphology of precursor GaOOH.

Liu et al. [120] prepared gallium oxide nanorods by the conversion of gallium oxide

hydroxide nanorods. In this study, gallium oxide hydroxide nanorods were
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synthesized via a hydrothermal route using gallium oxide as the gallium source and
NaNj and aqueous hydrazine as the alkaline and complexing reagents. It was also
reported that single crystal a-Ga;O; and B-Ga,0Os; nanorods can be selectively

obtained by thermal decomposition.

1.3.3 Other studies related to this project

Luminescence is an attractive property of B-Ga,0;. B-Ga,0; can exhibit UV, blue,
and green emissions depending on the sample preparation conditions and the nature
of the defects upon photo-excitation through the band gap. Because Cr’" has
excellent ability of substitution for Ga’" in B-Ga,Os, Fujihara et al. [121] studied
luminescence of Cr doped as well as undoped B-Ga,0s. It was demonstrated that the
green emission from B-Ga,O; is quenched by the inclusion of Cr’* ions and the
material exhibits the red emission instead under UV excitation. The results showed
that B-Ga,O; is a good host material to produce characteristic luminescence of

transition metal ions under UV excitation across the band gap.

Otero Arean et al. [122] prepared mesoporous y-Ga,0Os by calcining a gallium oxide
gel at 773 K. The gallium oxide employed in this study was obtained by adding
ammonia to an ethanolic solution of gallium nitrate. Nitrogen adsorption-desorption
at 77 K showed the material had a BET surface area of 120 m°g”' and a most frequent
pore radius of 2.1 nm. Yada et al. [112] prepared yttrium doped mesoporous gallium
oxide by using sodium dodecyl sulphate (C;,H,50S0O3Na) as the templating agent. It
was reported that the structural stability of mesoporous gallium oxide was

remarkably increased by introducing yttrium.

Song et al. [123, 124] synthesized manganese doped gallium oxide nanowires via the
thermal evaporation method. The field and temperature dependence of the
magnetization revealed the obvious hysteresis loop and large magnitude of
Curie-Weiss temperature, corresponding to a strong antiferromagnetic super
exchange interaction between the manganese ions. A broad green emission band was
observed owing to the 4T1—6A1 transition in Mn*" (3d5) ions. Since B-Ga,0Os3 has a

large dielectric capacitance and high electrical resistivity, Mn-doped gallium oxide
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nanowires with ferromagnetic characteristics have potential applications in
high-frequency microwave devices, storage magnetic cores and nanoscale

magneto-optical electronic devices.

1.4 Summary

In the past few decades, syntheses of nanostructures, in particular, one dimensional
nanostructures have been of great interest due to their distinctive geometries, novel
physical and chemical properties, combined effects and their application in numerous
areas especially in the fabrication of nanodevices. Self-assembly, sol-gel, physical
evaporation, chemical vapor deposition, microwave plasma, laser ablation and
hydrothermal techniques are commonly used to fabricate 1D nanostructures. Among
these techniques, hydrothermal synthesis technique is extensively used because of its

economic efficiency and because it is environmentally friendly.

As for alumina based nanostructures, considerable studies have been performed on
the synthesis of 1D boehmite nanostructures with/without surfactant. Various
surfactants including nonionic, cationic, anionic and neutral surfactants were used as
templates or directing agents in different studies. Current studies reveal that
hydrothermal conditions such as pH, temperature and the type of surfactant strongly
affect the morphology of the resultant boehmite nanostructures. It is noted from this
literature that high hydrothermal temperatures (150 ~180°C) would be preferable for
the growth of nanorods and nanobelts whereas low temperature (<150°C) for
nanofibres and nanotubes. Also, surfactants have a greater effect on the growth of
boehmite nanostructures at low hydrothermal temperatures than at high temperatures.
Although considerable work has been done on the growth of boehmite, the
mechanism for the formation of 1D boehmite nanostructures remains unclear. Size
and morphology control is still a hot topic in this area. In addition, little effort has
been devoted to synthesis of doped boehmite which may possess interesting

properties, therefore leading to more potential applications.

As for gallium based nanostructures, limited studies were carried out on the synthesis

of gallium oxide hydroxide and gallium oxide 1D nanostructures. It is noted that
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gallium nanostructures synthesized via hydrothermal routes are usually much bigger
and thicker than those obtained by other techniques such as physical evaporation and
chemical vapor deposition. Although various precursors and hydrothermal conditions
were investigated, the morphologies of the resultant GaOOH or Ga,Os; were
somehow similar. The size and morphology control of GaOOH and Ga,0; via
hydrothermal route remains challenging. It can be expected from investigations on
the properties of doped gallium oxide nanostructured or bulk materials that when
doped with some elements, gallium oxide hydroxide or gallium oxide could possess

interesting properties leading to more potential applications.
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ABSTRACT

Iron-doped boehmite nanofibers with varying iron contents have been prepared at
low temperatures using hydrothermal treatment in the presence of poly(ethylene
oxide) surfactant. The resulting nanofibers were characterized by transmission
electron microscopy (TEM), X-ray diffraction, energy-dispersive X-ray analysis, and
N, adsorption. TEM images showed that the resulting nanostructures are
predominantly nanofibers when the doped iron content is less than 5% (mol/mol); in
contrast, nanosheets were formed when iron doping was above 4%. Nanotubes
instead of nanofibres and iron-rich particles were observed in samples with 20%
added iron. A detailed characterization and discussion on the iron-doped nanofibers

is presented.

KEYWORDS: Boehmite; iron-doped; nanofibres; nanosheets; nanotubes; surfactant;

hydrothermal treatment.
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ABSTRACT

The growth of boehmite nanostructures at low temperature using a soft chemistry
route with and without (PEO) surfactant is presented. Remarkably long boehmite 1D
nanotubes/nanofibers were formed within a significantly short time by changing the
reaction mechanism of aluminum hydroxide. By using the PEO surfactant as a
templating agent, boehmite nanotubes up to 170 nm in length with internal and
external diameters of 2-5 and 3-7 nm, respectively, were formed at 100°C. A slightly
higher temperature (120°C) resulted in the formation of lath-like nanofibers with an
average length of 250 nm. Using the cationic surfactant CTAB, nanotubes rather than
nanofibers were formed at 120°C. Without surfactant, nanotubes counted for around
20% of the entire sample. A regular interval supply of fresh boehmite precipitate
resulted in a larger crystallite size distribution of nanotubes. The morphology of
nanotubes was more uniform in samples without the regular addition of aluminum
hydroxide. Moreover, for the same hydrothermal time, the final nanotubes for
nanomaterials without a regular interval supply of fresh aluminum hydroxide
precipitate were longer than those with a regular aluminum hydroxide precipitate
supply, which is in contrast to previously published results. Higher AlI/PEO
concentrations resulted in the formation of shorter nanotubes. A detailed

characterization and mechanism are presented.

KEYWORDS: Boehmite; nanosheets; nanotubes; surfactant; hydrothermal
treatment.
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ABSTRACT

Gallium-doped boehmite nanostructures with varying Ga content have been prepared
at low temperatures via a soft-chemistry route in the presence of poly(ethylene oxide)
(PEO) surfactant. The effect of Ga content, hydrothermal temperature, and mixing
procedures on the growth of boehmite nanostructures was systematically studied.
The resultant boehmite nanostructures were characterized by transmission electron
microscopy (TEM), energy-dispersive X-ray (EDX) microanalysis, X-ray diffraction
(XRD), N, adsorption, and thermogravimetric analysis (TGA). Nanotubes with an
average length of ~ 90 nm and internal and external diameters of 2-5 nm and 3-7 nm,
respectively, were formed when the added Ga molar percentage was <5%; when the
added Ga percentage was >10%, an amorphous phase dominated the sample with a
mixture of nanosheets, nanotubes, and nanoribbons being formed. Synthesis at
slightly higher temperatures (120°C) for an added Ga molar percentage of 5%
resulted in longer nanotubes. For high-Ga-content boehmites, large crystals were
formed when hydrothermally treated at 120°C. The detailed characterization of the

resultant Ga-doped boehmite nanostructures is presented.

KEYWORDS: Boehmite; gallium-doped; nanotubes; nanosheets; nanoribbons;
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ABSTRACT

Yttrium doped boehmite nanofibres with varying yttrium content have been
synthesized at low temperatures using a soft-chemistry route in the presence of
poly(ethylene oxide) (PEO) surfactant. The effect of yttrium content and
hydrothermal temperature on the growth of boehmite nanostructures was
systematically studied. Nanofibres were formed in all samples with varying doped
Y% treated at 100°C; large Y(OH)s crystals were also formed at high yttrium doping.
Treatment at elevated temperatures resulted in a remarkable changes in size and
morphology for samples with the same doped Y content. The resultant nanofibres
were characterized by X-ray diffraction (XRD), transmission electron microscopy
(TEM), selected area electron diffraction (SAED), energy-dispersive X-ray analysis
(EDX), N» adsorption and thermogravimetric analysis. The detailed characterization

and discussion on the Y doped nanostructures is presented.
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ABSTRACT

Nano- to microsized gallium oxide was prepared with and without surfactant via a
hydrothermal route at low temperature through different synthesis procedures.
Rodlike GaOOH crystals with average length of ~2.5 pum and width of 1.5 um were
prepared when the initial molar ratio of Ga to OH was 1:3. B-Ga,O3; materials were
derived from GaOOH by calcination at 900°C, and the initial morphology was
retained. y-Ga,O3 nanotubes up to 65 nm in length, with internal and external
diameters of around 0.8 and 3 nm, were achieved directly in solution with and
without surfactant under hydrothermal treatment condition at 100°C when the initial
molar ratio of Ga to OH was 1:5. The combination of X-ray diffraction (XRD),
transmission electron microscopy (TEM), N, adsorption, small area electron
diffraction (SAED), and energy dispersive X-ray analysis (EDX) were employed to
characterize the resulting nano- to microsized structures. Cationic and nonionic

surfactants were used in this study. Detailed results are presented.

KEYWORDS: Gallium oxide; gallium oxide hydroxide; nanotubes; nanorods;
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ABSTRACT

Micro to nano sized GaOOH nanorods and particles were prepared under varying
hydrothermal conditions without any surfactant and additive using gallium nitrate
and sodium hydroxide as starting materials. The combination of X-ray Diffraction
(XRD), Transmission Electron Microscopy (TEM), Small Area Electron Diffraction
(SAED) and Energy Dispersive X-ray analysis (EDX), Thermogravimetric analysis
(TG) and FT-IR were employed to characterize the resulting gallium oxide hydroxide

nanorods. Detailed results and the possible growth mechanism were presented.

KEYWORDS: Gallium oxide hydroxide; nanoparticles; nanorods; hydrothermal
treatment.

105



This article is not available here.
Please consult the hardcopy thesis
available from QUT Library

106



halla
This article is not available here.Please consult the hardcopy thesis available from QUT Library


CHAPTER 8

Summary and Conclusions

8.1 Summary

This study investigated the following themes:

1) The growth of one dimensional pure boehmite nanostructure via hydrothermal

treatment at low temperatures with and without surfactant.

2) The preparation of doped one dimensional boehmite nanostructures via
hydrothermal synthesis route at low temperature in the presence of surfactant

using iron, gallium and yttrium as dopants.

3) The preparation of gallium hydroxide and gallium oxide nanostructures at

different hydrothermal conditions with and without surfactant.

In the study on theme 1, the effect of surfactant, water and temperature on the
morphology of boehmite nanostructures was systematically investigated to reveal the
growth mechanism of boehmite nanostructures. Nonionic surfactant PEO and
cationic surfactant CTAB were employed in this study. The molar ratio of the starting
materials and hydrothermal temperature were varied and the surface properties of the
resultant boehmite samples were also investigated to provide detailed information on
the growth of pure boehmite nanostructures. The results prove that the entire sample
was nanotubes after two days hydrothermal treatment at 100°C. With the increase in
hydrothermal time, there is an obvious improvement in homogeneity and uniformity
in the morphology and size of boehmite nanotubes due to Ostwald ripening process.
A regular supply of fresh aluminium hydrate precipitate during the hydrothermal
process resulted in the formation of a mixture of short and long nanotubes rather than
stimulating the growth of longer nanotubes where the added fresh aluminium
precipitate was expected to be employed as building blocks to improve the
elongation of existing nanotubes. Surfactant PEO acted as a directing agent for the
elongation of nanotubes rather than a template for the formation of nanotubes. Few

nanotubes and a large fraction of nanosheets were formed in the absence of
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surfactant PEO or at very low concentration of PEO. The average crystallite sizes
along the b crystallographic direction of the resultant boehmite samples indicate the
same result as observed in TEM images. Surface analysis of boehmite samples is
also in agreement with XRD and TEM results. A slight increase in hydrothermal
temperature from 100 to 120°C resulted in the formation of longer lath-like
nanofibres together with a small fraction of nanotubes in the presence of nonionic
surfactant PEO. The entire sample was found to be nanotubes when using cationic

surfactant CTAB instead of PEO treated at the same temperature of 120 °C.

As for the studies on theme 2, the effect of various dopants, percentage of introduced
dopant, hydrothermal temperature, mixing procedure on the morphology and

properties the resultant boehmite nanostructures were systematically investigated.

e Fe doped boehmite nanostructures

This study investigated the morphology and property change of iron doped boehmite
nanostructures with doped iron no more than 20%. Nanofibres were formed when the
doped iron less than 5%. Nanosheets and nanofibres were formed for 10% iron
doped sample. When the doped iron percentage was 20%, nanotubes, nanosheets and
iron rich particles were formed. Instead of forming iron doped boehmite
nanostructures, hematite crystals were formed if iron was introduced after the
formation of aluminium hydrate precipitate. There was a linear relationship between
added iron and actual iron in samples before hydrothermal treatment. An obvious
miscibility gap was observed for samples with varying iron content after
hydrothermal treatment showing the maximum aluminium that can be substituted by
iron under this hydrothermal condition is around 4.4%. Compared with pure
boehmite nanofibres, there is a remarkable decrease in the BET surface area and an

increase in the BET average pore diameters for iron doped boehmite samples.

e Ga doped boehmite nanostructures

Doped with gallium, the resultant samples with no more than 5% gallium content
turned out to be nanotubes. Doped with 10% gallium, a mixture of nanosheets,

nanotubes and nanoribbons was formed in which nanosheets with bevelled ends
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counted for around 80% of the entire sample. An amorphous phase together with a
small fraction of nanotubes, nanoribbons and large crystals was observed in 20%
gallium doped samples. Doped with 5% of gallium, a higher hydrothermal
temperature of 120°C led to the formation of remarkable longer nanotubes which is
2~3 times longer than that prepared at 100°C; whereas a higher hydrothermal
temperature of 120°C resulted in the formation of large crystals for 20% gallium
doped sample. There is a linear relationship between the added and actual gallium
content both for samples before and after hydrothermal treatment indicating the
difference in solubility and miscibility between Ga and Al chemicals. Although pure
gallium and aluminium are totally miscible, only 60-70% of the added gallium
content can substitute some of the aluminium to form gallium doped boehmite
nanostructures and gallium oxide hydroxide crystals and boehmite nanofibres grow
separately when gallium hydrate and aluminium hydrate precipitate were prepared
separately and mixed afterwards. The BET surface area decreased and the BET
average pore diameters increase with an increase in hydrothermal duration.
Compared with pure boehmite nanostructures prepared at the same hydrothermal
condition, gallium doped boehmite samples have remarkably larger BET surface area
and smaller BET average pore diameters. Gallium doped boehmite nanostructures
thermally decomposed at a higher temperature than that of the pure boehmite

nanostructures.

e Y doped boehmite nanostructures

The entire samples were nanofibres when the doped yttrium percentage is no more
than 5%. Yttrium hydroxide large crystals together with nanofibres were formed in
10 and 20% yttrium doped samples. With 5% yttrium, increasing temperature led to
changes in morphology and size of the resulting nanostructures. At 120°C,
nanosheets as well as nanofibres were formed; at 150°C, nanosheets, nanofibres and
nanorods were presented; at 180°C, large nanosheets and nanorods as well as square
large crystals formed. Interestingly, the large crystals formed in 180°C were of a
combination of Y(OH); and Y,0; phase where the Y,03; phase may result from the
breakdown of the hydroxide. In addition, pure boehmite nanorods were formed in the
absence of surfactant at 180°C indicating that the presence of water is necessary for

the growth of boehmite nanostructures but the creation of additional steam does not
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help the formation of nanorods. The BET surface area, pore volume of Y doped
boehmite samples were remarkably larger than that of pure boehmite, whereas the
mean pore diameter of the doped sample was much smaller than that of pure

boehmite sample when doped yttrium percentage was no more than 10%.

The study on the theme 3 investigated the effect of hydrothermal conditions
including the molar ratio of the starting materials, pH, temperature, hydrothermal
duration, and surfactant on the morphology and size of the resultant gallium oxide

hydroxide and gallium oxide crystals.

e The effect of surfactant on the morphology of GaOOH and Ga;0;

nanostructures under different hydrothermal conditions

When the initial molar ratio of Ga to OH is 1:3, the growth of GaOOH crystals
mainly occurred during ageing; stirring during ageing resulted in the formation of
layered structured GaOOH nanorods; there is little difference in morphology and size
between GaOOH crystals prepared with and without surfactants. f-Ga,Os can be
obtained by calcination of the GaOOH crystals at 900°C. The rodlike morphology of
GaOOH was retained, but the surface properties including mesoporosity, pore size
distribution of the resultant B-Ga,Os prepared with different surfactants are very
much different. When the initial molar ratio of Ga to OH is 1:5, y-Ga,O3 nanotubes
with lengths up to 65 nm were obtained directly from the solution at 100°C. More
nanotubes were formed in the presence of surfactant. The surfactant played an

important role in the growth of y-Ga,O3 nanotubes by serving as a directing agent.

e The effect of hydrothermal conditions on the morphology of GaOOH in

the absence of surfactant

GaO(OH) nanoparticles via a simple green softchemistry route have been
synthesized and the size and morphology changes under varying hydrothermal
conditions were systematically investigated. Results show that temperature and pH
strongly affected the size and morphology of the resultant GaO(OH) crystals. The
higher the treatment temperature, the larger the crystallite size and faster the crystal

growth rate. The aspect ratio of the GaO(OH) crystals dramatically dropped at high
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temperature (180°C) and gradually decreased at low temperature (100°C) with an
increase in pH. Spindle-like, rod-like, and round are favorable shapes for the initial
freshly precipitated GaO(OH) particles during reaction at pH 5, 7, and 10,
respectively, at room temperature. However, rod-like could be the most stable shape
at higher temperatures of 100 and 180°C regardless of the pH. At acidic and neutral
conditions, large GaO(OH) rods were formed by consuming amorphous small
particles, whereas in basic conditions GaO(OH) rods were most likely formed by the
oriented aggregation and emergence of small rod arrays. A higher hydrothermal
temperature resulted in sharper DTG curves of GaO(OH). A lower treatment
temperature led to the appearance of additional DTG peaks which are attributed to
other GaO(OH) phases.

8.2 Conclusions

Nanofibres and nanotubes are preferable morphologies for pure boehmite under
different hydrothermal conditions at the relatively low temperature of 120°C in the
presence of a surfactant. Irregular shaped nanosheets and few nanotubes were formed
without surfactant. The morphology of the resultant boehmite one dimensional
nanostructures can be controlled by using different types of surfactant. There is little
effect of dopants on the morphology of boehmite nanostructures when the percentage
of dopants is less than 5%. When the percentage of dopants is more than 10%, a
numerous morphologies including nanosheets, nanoribbons, nanorods, large crystals
and even amorphous phases are present in boehmite samples doped with different
dopants. A slightly higher hydrothermal temperature lead to the formation of longer
one dimensional nanostructure for low dopant content boehmite samples whereas
large crystals are preferable for high dopant content samples. However, when the
hydrothermal temperature is more than 150°C, a remarkable change in morphology
for samples with low dopant content occurs. During the growth of pure or doped
boehmite nanostructure, surfactants act as directing agents rather than templates. The
surface properties and thermal decomposition behaviour are changed when doped

with various dopants.

Gallium oxide hydroxide can be prepared via hydrothermal treatment at low

temperature with and without surfactant. Rod-like nanorods with different length to
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width ratio are the popular morphology for gallium oxides hydroxides prepared via
hydrothermal treatment regardless what surfactant is used. The surfactant has little
effect on the overall morphology of the resultant gallium oxide hydroxide; however,
a significant difference in surface properties occur for B-gallium oxide samples
derived from the calcination of gallium oxide hydroxide prepared with different
types of surfactant. The length to width ratio of gallium oxide hydroxide nanorods
can be tailored by changing the hydrothermal conditions such as pH and temperature.
In addition, y-gallium oxide nanotubes can be prepared directly from hydrothermal

treatment at a low temperature without calcination.
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CHAPTER 9

Additional support papers

The following papers are supporting studies which were conducted
parallel with this thesis:

9.1 Zhao, Yanyan; Martens, Wayde N.; Zhu, Huaiyong; Frost, Ray L.. Synthesis and
Characterisation of Iron Doped Boehmite Nanofibres, Nanotubes and
Nanosheets. 2006 International Conference Of Nanoscience and
Nanotechnology, Brisbane, Australia, 2006. Published in the proceeding.

9.2 Zhao, Yanyan; Frost, Ray L.; Martens, Wayde N.; Zhu, Huai Yong.. XRD, TEM
and Thermal Analysis of Fe Doped Boehmite Nanofibres and Nanosheets.
Journal of Thermal Analysis and Calorimetry, (2007), 90(3), 755-760.

9.3 Zhao, Yanyan; Jing Yang and Ray L. Frost. Raman Spectroscopy of the
Transition of a-gallium Oxyhydroxide to B-gallium Oxide Nanorods. Journal
of Raman spectroscopy, (2008), 39(10), 1327-1331.

9.4 Zhao, Yanyan; Frost, Ray L.; Vagvolgyi, Veronika; Martens, Wayde N.; Kristof,
Janos; Horvath, Erzsébet. XRD, TEM and Thermal Analysis of Yttrium
Doped Boehmite Nanofibres and Nanosheets. Journal of Thermal Analysis and
Calorimetry, (2008), 94(1), 219-226

9.5 Zhao, Yanyan; Frost, Ray L. Raman spectroscopy and characterization of
a-gallium oxyhydroxide and B-gallium oxide nanorods. Journal of Raman
Spectroscopy (2008), 39(10), 1494-1501

9.6 Zhao, Yanyan; Yang, Jing; Frost, Ray L.. Dynamic and Controlled rate thermal

analysis, surface analysis and infrared emission of Ga doped boehmite
nanofibres and nanosheets. Thermochimica Acta. (2008), Under review
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ABSTRACT

The modification of nanostructured materials is of great interest due to controllable
and unusual properties inherent in such materials. In this paper, iron doped boehmite
nanofibres, nanotubes and nanosheets with varying iron content have been prepared
through low temperature hydrothermal treatment in the presence of poly (ethylene
oxide) surfactant. The combination of transmission electron microscopy (TEM),
X-ray diffraction (XRD), energy dispersive X-ray analysis (EDX) and N, adsorption
were employed to characterize the resulting nanostructures. TEM images showed
that the resulting nanostructures are predominantly nanofibres when iron content is
less than 5% (mol/mol); in contrast nanosheets were formed when iron doping was
above 5%. Nanotubes instead of nanofibres and iron rich particles were observed in
samples with 20% added iron. XRD showed that the iron doped nanostructures are

boehmite (y-AIOOH), with EDX analysis indicating the maximum

Iron content in the boehmite nanostructures is about 4.3%. Nitrogen adsorption
results indicate a lowering of the surface area for the iron doped phase in comparison
to that of undoped boehmite nanofibres. Further study is required to determine the
magnetic and optical properties of the iron doped boehmite nanostructures for their
prospective applications. A detailed characterization of the iron doped nanofibres is

presented.

KEYWORDS- Nanofibres; hydrothermal synthesis; boehmite
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Abstract—The modification of nanostructured materials is
of great interest due to controllable and unusual properties
inherent in such materials. In this paper, iron doped
boehmite nanofibres, nanotubes and nanosheets with
varying iron content have been prepared through low
temperature hydrothermal treatment in the presence of
poly (ethylene oxide) surfactant. The combination of
transmission  electron  microscopy (TEM), X-ray
diffraction (XRD), energy dispersive X-ray analysis (EDX)
and N, adsorption were employed to characterize the
resulting nanostructures. TEM images showed that the
resulting nanostructures are predominantly nanofibres
when iron content is less than 5 % (mol/mol); in contrast
nanosheets were formed when iron doping was above 5%.
Nanotubes instead of nanofibres and iron rich particles
were observed in samples with 20 % added iron. XRD
showed that the iron doped nanostructures are boehmite
(y-AIOOH), with EDX analysis indicating the maximum
iron content in the boehmite nanostructures is about 4.3%.
Nitrogen adsorption results indicate a lowering of the
surface area for the iron doped phase in comparison to
that of undoped boehmite nanofibres. Further study is
required to determine the magnetic and optical properties
of the iron doped boehmite nanostructures for their
prospective applications. A detailed characterization of the
iron doped nanofibres is presented.

Keywords- nanofibres; hydrothermal synthesis; boehmite

INTRODUCTION

Synthesis of inorganic nanostructures has been of great
interest in material science and nanotechnology over the last
few decades [1-3]. In particular, one dimensional (1D)
nanostructured inorganic materials nanofibres, nanotubes,
nanobelts and nanowires, have attracted considerable attention
due to their distinctive geometries, novel physical and chemical
properties and potential application in various areas [4].

Alumina has high surface area and mesoporous properties,
making it a versatile material. Due to alumina chemical and
thermal stability, it has been extensively used as supports for a
variety of industrial catalysts at both low and high
temperatures. Further applications of alumina include
adsorbents [5, 6], composites [7, 8] and ceramics [9-11].
Boehmite (y-AIOOH), an oxyhydroxide of alumina, is a crucial
precursor for preparing v-alumina and is also the most

1-4244-0453-3/06/$20.00 © 2006 IEEE

commonly used precursor in the sol-gel technique for preparing
high-purity and high-strength monolithic a-alumina ceramics.
Such ceramics have been employed as substrates for electronic
circuits, abrasives, high-temperature refractory materials, fibres
and thin films [12].

Metal ion doping is a promising technique which can be
utilised to control the properties of materials by intentionally
introducing impurities or defects into a material. Doping can
influence three main properties: surface morphology,
nanocrystal shape and growth in solution [13]. Studies have
shown that the doping of ZnO [14, 15], GaN [16], CdS [17,
18], MgB; [19] with ions such as Mn, Cu, Co, Ni and Ti can
impart photoluminescence, magnetic and ferromagnetic
properties to the parent material. Recently, considerable work
has been conducted on the optical properties of transition metal
ion doped alumina [20-22], while to our best knowledge, little
work has been undertaken on the doping of boehmite.

Interesting new synthesis methods, using ‘soft’ chemical
treatments, based upon the use of surfactants, have been
elucidated by Zhu et al. [23]. The surfactant was able to direct
formation and growth of boehmite fibres, rather than acting as
templates for the synthesis of mesoporous materials [24]. It
was reported that much higher Al concentrations and lower
temperatures could be used in comparison to traditional
methods for the synthesis of boehmite nanofibres. Such an
approach is an efficient means of producing nanofibres in large
quantity. The growth of boehmite nanofibres can be improved
by the addition of freshly precipitated aluminum hydrate, with
fibres growing to over 100 nm long when reaction conditions
are well-controlled.

In this work, we investigate iron doped boehmite
nanostructures including nanofibers, nanotubes and nanosheets
based on the soft chemistry synthetic approach. A series of
iron doped bochmite nanostructures with varying iron content
have been systematically studied with XRD, SEM EDS, TEM
and N, absorption. The resulting iron doped boehmite
nanostructures possess both optical and magnetic properties
which will enable further specifically designed industrial
applications.

ICONN 2006



1. MATERIALS AND METHODS

A.  Materials

Analytical grade NaOH pellets (Chem-Supply, 98% pure),
AI(NO3);.9H,0 and Fe(NO3);.9H,0 were used in this work to
prepare the iron doped aluminium hydrate precipitate.
Nonionic PEO surfactant Tergitol 15-S-7 (Ciz.14H25.060
(CH,CH,O);H , Aldrich) with average molecular weight of
~508 g.mol ' was used in hydrothermal processing.

B.  Preparation

1) The preparation of precipitate
Agqueous solutions of AI(NO;); and Fe(NO;); were prepared in
molar ratios of 100:0, 99:1, 98:2, 97:3, 96:4, 95:5, 90:10 and
80:20, with a total metal ion concentration of 0.56 mol.1". This
solution was heated to 80 °C and a NaOH solution (5mol-L™)
was then added at a rate of Sml-min’, before ageing for three
hours with constant stirring through out. The precipitate was
then recovered by centrifugation and washed with pure water
four times. This precipitate was divided into five equal parts for
hydrothermal processing and characterization.

2) Hydrothermal synthesis
PEO surfactant was mixed with one part of the resulting
precipitate and ultra pure water. This mixture was stirred,
transferred into an autoclave and hydrothermal treated at 120
°C. The molar ratio of the starting materials for hydrothermal
processing is 1: 0.4: 16 (Al:PEO:H,0). The remaining three
parts of fresh precipitate was added in to the autoclave every
two days. The final product was washed by water then acetone
before drying in air at 80 °C.

II.  CHARACTERISATION
A.  X-Ray diffraction
XRD analyses were performed on a PANalytical X Pert
PRO X-ray diffractometer, with a Cu X-ray tube (A = 1.54A),
operating at 45 kV and 35 mA. Samples were analyzed
utilising Bragg-Brentano geometry over a range of 3 — 75° 20.

B.  Transmission electron microscopy

A Philips CM 200 transmission electron microscopy (TEM)
at 200KV was used to investigate the nanostructure of the
boehmite nanofibres. All samples were dispersed in absolute
ethanol solution, coated on carbon coated films and dried in an
oven at 60 °C for 10 mins for TEM studies.

C. SEMEDX analysis

The samples were crushed and coated with a thin layer of
evaporated carbon and analysed in a JEOL 840A analytical
SEM operating at 15 kV. The EDX analysis was performed
using a JEOL 2300 microanalyser. Approximately 4 mm” area
was analysed in order to produce representative sample areas.

D. Surface analysis

N, adsorption/desorption isotherms were measured at liquid
nitrogen temperature (77.3 K), using a gas sorption analyzer
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(Quantachrome, Autosorb-1). The specific surface area was
calculated by the BET equation.

III. RESULTS AND DISCUSSION

A.  X-Ray diffraction analysis

The XRD patterns of fresh precipitates with different iron
content after 3 hours ageing. All the resulting material was
identified as boehmite y-AIOOH except for a minor amount of
bayerite formed in 0% and 1% samples. The peak broadening
presented in these XRD patterns indicates that the aged

pooily

processing. Crystallite sizes along the ¢ crystallographic
direction as calculated from the Debye-Scherrer equation show
that the crystallite sizes vary initial from 15.5 nm in pure
aluminum precipitates, to a constant ~22nm with iron doping.
Crystallite sizes calculated along the b crystallographic
direction however are seen vary form 6.1 nm largely to 6.4 (1%
Fe) then gradually to 6.9 nm in the 20 % iron samples. The
initial size increases are due to the influence of the iron on the
growth of crystallites. The gradual change observed along the &
direction may be related to an increased attraction of ions from
solution to the surface of the precipitate.
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As can be seen in Fig.1, the diffraction peaks in the XRD
patterns for 1 % iron doped boehmite nanostructures become
sharper with the increase in hydrothermal time, indicating a
gradual increase in crystallinity of structures during soft
chemical treatment. The increasing sharpness of peaks in XRD
pattern were also observe for pure boehmite nanofibre growth
[24]. Crystallite sizes are seen to vary gradually over 8 days
from 6.5 to 11.2 nm (») and 23.6 to 37.9 nm (c¢). These size
increase can not to be correlated to the sizes of the fibers,
sheets and tube detected in the TEM images as discussed later.

Compared with that of precipitate, the decrease intensity of
bayerite peaks in final product (8 days samples) suggests a part
of bayerite phase was converted into boehmite phase during
hydrothermal treatment. In contrast, for undoped sample,
bayerite phase can not be observed in the final product which
indicates all the bayerite observed in precipitate was converted
into boehmite after hydrothermal treatment. Such results are
explained via Oswald ripening of boehmite, the phase most
stable under the reaction conditions in this study.

Final crystallite sizes have been calculated and show a
gradual increase in crystallite dimension with increasing iron
content along the » (7.7 to 9.71 nm) and « (22.9 to 36.0 nm)
crystallographic directions. This indicates that iron doping
increases the crystallite sizes of the resultant materials.

Lattice cell parameters a and b were calculated from the
XRD results. The results show that ¢ remains constant for all
samples while b varies with the change in composition and
decreased during hydrothermal treatment. This change in b is
related to the hydration of the boehmite basil spacing, with
large values indicating a high amount of hydration as compared
to small values.



B.  EDX analysis

The relationship between added and actual iron content is
shown in Fig.2. In this study a miscibility gap was observed for
Fe and Al oxy hydroxides, as detected from the difference
between concentrations of iron in the fibers (TEM) and the
bulk material (SEM).

C. TEM results

After 8 days hydrothermal treatment, samples with varying
iron content were examined by TEM. Nanofibres were
observed in samples with added iron content up to 10%. For
20% iron added sample shown in Fig. 3, nanotubes of
40~100nm in length and 5~10nm in diameter were formed.

The iron doped boehmite fibres were up to 250 nm long
while their width varied with iron content. Nanosheets were
formed in samples with added iron percentage no less than 4%.
It was noted that as the iron was increased, more sheets were
formed. Similar heterogeneous morphology was also observed
in a study of Zr doped alumina [25]. Small area electron
diffraction patterns for sheets and fibres found in 10% added
iron samples indicate the resulting nanofibres are made from a
limited number of crystallites while the nanosheets contain
numerous crystallites. In addition, the dark particles were
examined by EDX via TEM and were found to be an iron rich
phase. These results combined with the results of XRD indicate
nanofibers are composed of 2-3 crystallites, indicating growth
mainly occurs when fresh precipitate is added. Our results
affirm the results of Zhu et al. [15].

D. Surface analysis

N, adsorption/desorption isotherms for undoped boehmite
nanofibres, 10 and 20% iron added samples were examined.
BET surface area for these three samples are 278.92, 157.23,
165.02 m’g" respectively. The surface area of the undoped
fibers is higher than that of iron doped samples due to the
changes in morphology. The formation of nanotubes and iron
rich particles may contribute to the higher surface area for 20%
sample than that of 10% sample.

IV. CONCLUSIONS

Iron doped boehmite nanofibres, nanotubes and nanosheets
were prepared using low temperature soft chemical
hydrothermal treatment. The iron content in resulting boehmite
nanostructures was found to be limited to a maximum of 4.3%.
Fibers or needles were formed in low iron doped samples. With
the increasing iron content lead to the formation of nanosheets.
Nanotubes were formed when added iron content is up to 20%.
Mechanistic reasons for variation in products need further
investigation.

The motivation for the synthesis of iron doped bochmite
nanofibres are several fold: (a) these new materials have
special magnetic properties which will enable their use in drug
delivery (b) the materials may have special optical properties
for example the materials will absorb in the near-infrared
region. (c) boechmite and its thermally activated materials are
often used as catalysts. The presence of iron in the bochmite
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Figure 1. X-ray diffraction patterns of samples with 1% of iron added after
4, 6, 8 days hydrothermal processing.
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Figure 2. Observed iron content in samples that were hydrothermal
processed for 8 days after washing as a function of original added iron content

Figure 3. TEM image showing the detailed morphology of samples with
10% (a) and 20% (b) added iron after 8 days hydrothermal processing

nanomaterials enable their magnetic separation from other
materials in the catalytic processes.
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ABSTRACT

Iron doped boehmite nanofibres with varying iron content have been prepared at low
temperatures using a hydrothermal treatment in the presence of poly(ethylene oxide)
surfactant. The resultant nanofibres were characterized by X-ray diffraction (XRD),
and transmission electron microscopy (TEM). TEM images showed the resulting
nanostructures are predominantly nanofibres when Fe doping is no more than 5%; in
contrast nanosheets were formed if Fe doping was above 5%. For the 10% Fe doped
boehmite, a mixed morphology of nanofibres and nanosheets were obtained.
Nanotubes instead of nanofibres were observed in samples with 20% added iron. The
Fe doped boehmite and the subsequent nanofibres/nanotubes were analysed by
thermogravimetric and differential thermogravimetric methods. Boehmite nanofibres
decompose at higher temperatures than non-hydrothermally treated boehmite and

nano-sheets decompose at lower temperatures than the nanofibres

KEYWORDS: acicular, boehmite, nanofibre, nanosheets, nanotube
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XRD, TEM AND THERMAL ANALYSIS OF Fe DOPED BOEHMITE
NANOFIBRES AND NANOSHEETS

Y. Zhao, R. L. Fr()st*, W. N. Martens and H. Y. Zhu

Inorganic Materials Research Program, School of Physical and Chemical Sciences, Queensland University of Technology, GPO
Box 2434, Brishane Queensland 4001, Australia

Iron doped boehmite nanofibres with varying iron content have been prepared at low temperatures using a hydrothermal treatment
in the presence of poly(ethylene oxide) surfactant. The resultant nanofibres were characterized by X-ray diffraction (XRD), and
transmission electron microscopy (TEM). TEM images showed the resulting nanostructures are predominantly nanofibres when Fe
doping is no more than 5%; in contrast nanosheets were formed if Fe doping was above 5%. For the 10% Fe doped boehmite, a
mixed morphology of nanofibres and nanosheets were obtained. Nanotubes instead of nanofibres were observed in samples with
20% added iron. The Fe doped boehmite and the subsequent nanofibres/nanotubes were analysed by thermogravimetric and differ-
ential thermogravimetric methods. Boehmite nanofibres decompose at higher temperatures than non-hydrothermally treated
boehmite and nano-sheets decompose at lower temperatures than the nanofibres.

Keywords: acicular, boehmite, nanofibre, nanosheets, nanotube

Introduction

Recently, synthesis of inorganic nanoscale materials
with special properties have been of great interest in
material science [1, 2], because their intrinsic proper-
ties of nanoscale materials are mainly determined by
their composition, structure, crystallinity, size and
morphology [3]. In particular, one dimensional (1D)
nanoscale inorganic materials including nanofibers,
nanowires and nanotubes have attracted intensive in-
terest due to their distinctive geometries, novel physi-
cal and chemical properties and potential applications
in numerous areas [4].

Because of its high surface area, chemical and
thermally stable properties and mesoporous proper-
ties, alumina has been extensively used as carrier and
support for a variety of industrial catalysts at high
temperature as well as low temperature. Alumina can
be employed as catalyst [5], adsorbent [6, 7], compos-

ing high-purity and high-strength monolithic c-alu-
mina ceramics for use as substrates for electronic cir-
cuits, abrasive grains, high-temperature refractory
materials, fibres and thin films [13]. Bochmite
nanofibres were first synthesised by Bugosh [14] in
1961. Nanofibres can be used as molecular building
units in the preparation of core/shell materials
[10, 15]. Also, since the resulting alumina prepared

* Author for correspondence: r.frost@qut.edu.au

1388-6150/820.00
© 2007 Akadémiai Kiadé, Budapest

from bochmite can keep the original size and mor-
phology after calcination, great effort has been de-
voted to the investigation of nanoscale boehmite ma-
terials, especially 1D nanostructures, such as
nanofibres and nanotubes [16, 17].

Latterly, Zhu et al. [18] reported an interesting new
synthesis method by using a surfactant. Rather than act-
ing as templates as for the synthesis of mesoporous ma-
terials, the surfactant was able to direct formation of
bochmite fibres [17]. It was also reported that a much
higher Al concentration and lower temperatures can be
used compared to traditional methods for the synthesis
of bochmite nanofibres. This is an efficient approach of
producing nanofibres in large quantity. The growth of
boehmite nanofibres can be improved by a regular inter-
val supply of fresh precipitate of aluminium hydrate and
the fibres can grow to over 100 nm long when reaction
conditions are well-controlled. It is well known that the
necessity of later catalyst or absorbent separation is an
important issue in industrial catalytic process and water
treatment. Except for filtration technique, magnetic sep-
aration is another good method [19, 20]. To achieve
magnetic property, doping with iron would be an ideal
way. Besides, doped with iron, the resulting boehmite
nanostructure may have special optical properties which
will enable it to further industrial applications.

Thermal analysis has proved most useful for the
analysis of minerals and related materials [21-30]. In
this work, boehmite nanofibres based on Zhu’s meth-
odology were synthesised by introducing iron as dop-

Akadémiai Kiadd, Budapest, Hungary
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ant and a series of iron doped bochmite nanofibres
with varying iron content have been systematically
studied using thermogravimetric techniques.

Experimental
Synthesis of Fe-doped boehmite nanofibres

The detailed experimental procedure is as follows. A
total amount of 0.25 mol aluminium nitrate and ferric
nitrate were mixed before being dissolved in ul-
tra-pure water. To make a comparison, mixtures with
iron molar percentage of 0, 1, 2, 3, 4, 5, 10 and 20%
were prepared separately and then dissolved in ul-
tra-pure water to form a solution with a metal ion to
H,O molar ratio of 1:100 and heated to 80°C.
5 mol L ' NaOH solution was then added dropwise at
a constant rate of 5 mL min' to form precipitate. Af-
ter that it was aged for three hours with constant stir-
ring at 80°C, the resulting precipitate was recovered
by centrifugation, washed with pure water four times
to remove sodium nitrate. The fresh precipitate was
then split into five parts evenly for hydrothermal
treatment and characterization. Water and non-ionic
PEO surfactant Tergitol 15-S-7 (Ci2.14H25200
(CH,CH,0)H, Aldrich} with average molecular mass
of ~508 were mixed with the first part of precipitate at
a metal:PEO:H,O molar ratio of 1:0.4:16. The vis-
cous mixture is stirred for 1 h at room temperature and
then transferred into an autoclave and kept in oven at
120°C. The remaining three parts of fresh precipitate
and the same amount of ultra-pure water were added
into autoclave every two days. Accordingly, the mo-
lar ratio of metal:PEO:H,O changed to 2:0.4:32,
3:0.4:48 and 4:0.4:64, respectively, after 2, 4, 6 days.
The final product was washed by water first and then
acetone and dried in air at 80°C.

Methods
X-ray diffraction

XRD> analyses were performed on a PANalytical
X’Pert PRO X-ray diffractometer (radius: 240.0 mm).
Incident X-ray radiation was produced from a line fo-
cused PW3373/10 Cu X-ray tube, operating at 45 kV
and 35 mA, wavelength of 1.540596 A. The incident
beam passed through a 0.04 rad, Soller slit, a 1/2° di-
vergence slif, a 15 mm fixed mask and a 1° fixed
anti-scatter slit. After interaction with the sample, the
diffracted beam was detected by an X’Celerator
RTMS detector. The detector was set in scanning
mode, with an active length of 2.022 mm. Samples
were analysed utilising Bragg—Brentano geometry
over a range of 3-75° 20 with a step size of 0.02° 286,
with each step measured for 200 s.
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TEM analysis

A Philips CM 200 transmission electron microscopy
(TEM) at 200 kV was used to investigate the mor-
phology of the boehmite nanofibres. All samples were
dispersed in absolute ethanol solution and then
dropped on copper grids coated with carbon film,
dried in an oven at 60°C for 10 min for TEM studies.

Thermal analysis

Thermal decomposition of the Fe-doped boehmite
was carried out in a TA® Instruments incorporated
high-resolution thermogravimetric analyzer (se-
ries Q500) in a flowing nitrogen atmosphere
(60 cm’ min™"). Approximately 35 mg of each sample
underwent thermal analysis, with a heating rate of
5°C min"', with resolution of 6 from 25 to 1000°C.
With the isothermal, isobaric heating program of the
instrument the furnace temperature was regulated pre-
cisely to provide a uniform rate of decomposition in
the main decomposition stage.

Results and discussion
X-ray diffraction

The X-ray diffraction of the precipitated boehmite and
the hydrothermally treated boehmite are shown in
Figs 1a and b. The XRD patterns show the precipitates
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Fig. 2 TEM images of a — 3%, b — 5% and ¢~ 10% Fe doped boehmite nanofibres

to be boehmite y-AIOOH except for a minor amount of
bayerite formed in 0 and 1% samples. By using the
Debye—Scherrer equation the crystallite sizes vary initial
from 15.5 nm in pure boehmite precipitates, to a con-
stant value of ~22 nm with Fe doping. The XRD peaks
in the patterns for 1% Fe doped boehmite nanostructures
show decreased peak width with the increase in hydro-
thermal time, indicating a gradual increase in
crystallinity of the nano-structures during the soft chem-
ical treatment. The bayerite phase converis into
boehmite with hydrothermal treatment.

Transmission electron microscopy

Typical transmission electron microscopy images for
3, 5 and 10% Fe doped nanofibres and nanosheets are
shown in Figs 2a—c. The growth of pure bochmite
nanofibres at 100°C has been systematically studied
by Zhu et al. [17, 18, 31]. The average length of
boehmite nanofibres after § days hydrothermal treat-
ment was found to be ~92 nm. Hydrothermal treat-
ment at 150°C resulted in the formation of 6 nm wide
and 30 to 70 nm long lath like nanostructures [31]. In
this work, boehmite nanostructures at 120°C were
grown. As can be seen from Fig. la pure boehmite
nanofibres with length up to 300 nm were synthe-
sised, which is around three times long as that re-
ported n a previous study [17].

As for iron doped samples, nanofibres were
formed in samples with added iron content up 1o 10%.
The iron doped boehmite fibres were up to 250 nm
long while their width varied. Significant amounts of
nanosheets were formed in samples with added iron
percentage above 3%. Interestingly, most of the
nanosheets formed have bevelled ends. As the iron
doping was increased, more sheets formed; in particu-
lar, nanosheets are dominant in 10 and 20% iron
doped samples. The nanofibres in these two samples
aggregated in a parallel fashion forming bundle-like
nanostructures resulting from increased surface
charge of the nanostructure with increasing amounts
of Fe. No nanofibres were observed in the 20% iron

J. Therm. Anal. Cal., 90, 2007

doped sample; however, nanotubes of 40—100 nm in
length and 5-10 nm in diameter were formed. The Fe
content affects not only the growth of the nanofibres
but also the aggregation of nanostructures. At low Fe
content, nanofibres with regular shape were formed;
at a higher iron content, nanofibres aggregated paral-
lel resulting in the formation of nanosheets with
pointed ends; at high Fe content, no fibres are formed
and some of the sheets rolled to form nanotubes.

Thermogravimeiric analysis

The thermogravimetric analysis and the differential
thermal analysis of boehmite and Fe doped boehmite
and their nanostructures with varying amounts of Fe
from 0 to 20% are shown in Figs 3—5. The results of the
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thermal analyses are reported in Table I, including the
results form other Fe doped boehmite compositions.

Pure bochmite shows four decomposition steps .
The step which is characteristic of boehmite is the
sharp DTG step at 397°C with a mass loss of 4.55%.
The first mass loss occurs at around 50°C with a mass
loss of 8.11%. This mass loss step is attributed to ad-
sorbed water. The second mass loss step is observed
at around 152°C and accounts for the major mass loss
step with 18.15% mass loss. This mass loss is attrib-
uted to interstitial water trapped between the
bochmite layers. The theoretical mass loss based upon
the equation:

2AI100H—AlL0:+H,0

is 11.5%. In order to synthesize the bochmite
nanofibres, the boehmite (precipitate) is hydrother-
mally treated at 120°C for 8 days. In comparison the
thermal analysis of the boehmite nanofibres (Fig. 3b)
shows a large thermal decomposition step at 247 and
312°C with a mass loss of 18.87%. It is concluded
that the boehmite nanofibres thermally decompose at
a higher temperature than bochmite. The sharp band
at403°C is attributed to boehmite in a non-fibre form.

The 1% Fe doped boehmite thermal decomposi-
tion shows an additional sharp mass loss of 12.15% is
observed at 195°C. This mass loss is attributed to the
decomposition of goethite according to the equation:

2FCOOH_>F0203'}'H30

The boehmite precipitate decomposes over a tem-
perature range from 229 to 364°C. In the 1% Fe doped
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Fig. 4 Thermal analysis patterns of 4% Fe doped boehmite
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758

boehmite nanofibre the peak at 207°C 1s diminished in
intensity with a 1.49% mass loss. This decomposition 1s
attributed to the combustion of the surfactant molecules
used to template the nanofibres. The boehmite nanofibre
decomposes over the 343 to 383°C. There is a 13.90%
mass loss over this temperature range. It is concluded
that boehmite nanofibres decompose at temperatures
higher than for untreated boehmite.

For the 2% Fe doped boehmite four decomposi-
tion steps are observed at 50°C (7.25%). 169°C
(14.21%), 302°C (11.44%) and 447°C (1.90%).
These thermal decomposition steps are attributed to
(a) the loss of adsorbed water, (b) the decomposition
of the surfactant, (¢) the thermal decomposition of the
goethite, (d) the decomposition of boehmite. The
thermal decomposition at temperatures above 400°C
is attributed to impurities. Step (c¢) is different to that
of'this step observed for the 1% Fe doped boehmite. It
is possible that the goethite is an Al substituted
gocthite [32-34]. For the 2% Fe doped bochmite
nanofibres two decomposition steps are observed at
245 and 335°C with mass losses of 7.35 and 13.98%.

The thermal decomposition of the 3% Fe doped
boehmite and 3% Fe doped boehmite nanofibres are
similar to that of the 2% Fe doped materials. For the
3% Fe doped boehmite nanofibre two mass loss steps
are observed at 289 and 340°C with mass losses of
10.55 and 8.44%. For the 4% Fe doped boehmite ther-
mal decomposition takes place over a wide tempera-
ture range from 269 to 374°C. Such a wide tempera-
ture range is indicative of ill defined and even amor-
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Table 1 Results of the thermal analysis of boehmite and Fe doped boehmite and the equivalent nanofibres

Decomposition step

Added Fe %
First

Second

Third

Fourth

8.11%/55°C
7.34%/50°C
7.25%/50°C
6.88%/55°C
4.43%/46°C
6.69%/50°C
6.20%/50°C
3.96%/50°C

Precipitate

W s w3 b e (D

L I
oD

4.13%/50°C
1 1.78%/50°C
1.30%/50°C
1.82%/50°C
L.78%/50°C
1.06%/50°C

P

Nanofibre

[ RV S

10 1.00%/50°C

12.78%/120°C

18.15%/152°C
12.15%/195°C
14.21%/169°C
11.51%/171°C
4.17%/147°C
8.74%/148°C

10.15%/139~250°C
7.99%/143~268°C

8.70%/247°C
1.37%/213°C
1.49%/207°C
7.35%/245°C
10.55%/289°C
7.09%/272°C
12.19%/292°C
3.62%/230°C

4.92%/318°C
25.52%/348°C
11.44%/302°C
13.74%/313°C
14.98%/327°C
14.92%/351°C
10.43%/337°C
7.73%/350°C
10.17%/312°C
14.42%/384°C
13.90%/383°C
13.98%/335°C
8.44%/340°C
6.16%/353°C
10.08%/376°C
4.04%/295°C

4.55%/397°C
1.90%/447°C
1.919%/702°C

1.19%/403°C

8.04%/379°C

11.09%/376°C

20 1.14%/50°C

- 17.40%/380°C

“hydrothermally treated for 6 days

phous boehmite materials (Figs 4a and b}. The ther-
mal decomposition at 241 and 272°C 1s attributed the
combustion of the surfactant templating molecules.
The temperature may be compared with the tempera-
tures of 147 and 210°C for the 4% doped boehmite
precipitate. For the 4% Fe doped boehmite nanofibres
two decomposition steps at 272 and 379°C with mass
losses of 7.09 and 14.20%. A similar set of results is
observed for the 5% Fe doped bochmite precipitate
and nanofibres. Three decomposition steps are ob-
served for the 5% Fe doped boehmite precipitate at
around 50, 150 and 351°C. For the 5% Fe doped
bochmite nanofibres thermal decomposition steps are
observed at 55, 120, 292 and 376°C.

As the concentration of Fe 1s increased the hydro-
thermally treated boehmite becomes a mixture of
nanofibres and nanosheets. The 10% doped bochmite
precipitate shows three decomposition steps at 139 to
179, 250 and 304 to 367°C. The hydrothermally treated
boehmite shows three peaks at 230, 295 and 376°C. One
possible assignment of these peaks is to (a) first decom-
position step to goethite, (b) the decomposition of the
surfactant and the third decomposition step to bochmite
nanosheets. For the 20% Fe loaded boehmite the DTG
patterns are sirnilar to those of the 10% Fe doped sam-
ple. For the 20% Fe loaded boehmite nanomaterials a
broad thermal decomposition is observed from 200 to

ANNOT sxth o ymavivainm of IRN0C
“Uv s Wil a IdANTIULTE ae S0V .
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Conclusions

Fe doped boehmite nanofibres 250 nm in length have
been prepared at 120°C using soft chemical hydro-
thermal methodology using PEO as a surfactant di-
recting agent. Fibres or needles were formed at low Fe
doped samples. With the increasing iron content
nanosheets are formed. Nanotubes were formed when
added Fe content is increased to 20%.

Thermal analysis shows the non-ireated
boehmite decomposes in three steps at around 50,
150, 318 and at 397°C. The boehmite nanofibres ther-
mally decompose at 50, 247, 312 and 403°C (Ta-
ble 1}. The first decomposition step is attributed to the
loss of adsorbed water, the second to the loss of inter-
stitial water and the third step to the dehydroxylation
of the boehmite. In general the Fe doped boehmite
nanofibres thermally decompose at higher tempera-
tures than undoped bochmite. This is observed for
both the loss of interstitial water and the
dehydroxylation. For the Fe doped boehmite with Fe
concentration above 5%, the thermal decomposition
is of a mixed system consisting of both boehmite
nanofibres and boehmite nanosheets.
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ABSTRACT

The thermo-Raman spectra of synthesised a-gallium oxyhydroxide nanorod prove
that the transition of a-gallium oxyhydroxide to B-gallium oxide nanorods occurs
above 350 °C but below 400 °C. Scanning electron microscopy proves that the
morphology of the a-gallium oxyhydroxide nanorods is retained upon calcination to
B-gallium oxide. X-ray diffraction patterns show that the nanorods are a-gallium
oxyhydroxide converting upon calcination to B-gallium oxide. Intense Raman bands
are observed at 190, 262, 275, 430, 520, 605, and 695 cmﬁl, which undergo a red
shift of ~5 cm™' upon heating to 350 °C. Upon thermal treatment above 350 °C, the
Raman spectrum shows a significantly different pattern. Raman bands are observed
at 155, 212, 280, 430, 570, and 685 cm . The thermo-Raman spectra are in harmony
with the TG and DTG patterns, which show that the reaction of a-gallium
oxyhydroxide to B-gallium oxide occurs at 365 °C.

KEYWORDS: Gallium oxide; gallium oxyhydroxide; nanorods; nanofibre; Raman

spectroscopy
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ABSTRACT

Yttrium-doped boehmite nanofibres with varying iron content have been prepared at
low temperatures using a hydrothermal treatment in the presence of poly (ethylene
oxide) surfactant (PEO). The resultant nanofibres were characterized by X-ray
diffraction (XRD) and transmission electron microscopy (TEM). TEM images
showed the resulting nanostructures are predominantly nanofibres when Y-doping is

less than 5%; in contrast nanosheets were formed if Y-doping was above 5%.
The Y-doped boehmite and the subsequent nanofibres/nanotubes were analyzed by
thermoanalytical methods. Boehmite nanofibres decompose at higher temperatures

than non-hydrothermally treated boehmite and nano-sheets decompose at lower

temperatures than the nanofibres.

KEYWORDS: Boehmite; XRD; TEM; thermogravimetry; nanostructure.
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XRD, TEM AND THERMAL ANALYSIS OF YTTRIUM DOPED
BOEHMITE NANOFIBRES AND NANOSHEETS

Y. Zhao', R. L. Frost"", Veronika Vigvolgy®, E. R. Waclawik', J. Kristéf* and Erzsébet Horvdth’®

'Inorganic Materials Research Program, School of Physical and Chemical Sciences, Queensland University of Technology
2 George Street, GPO Box 2434, Brisbane, Queensland 4001, Australia

*Department of Analytical Chemistry, University of Pannonia, 8201 Veszprém, PO Box 158, Hungary

*Department of Environmental Engineering and Chemical Technology. University of Pannonia, 8201 Veszprém

PO Box 158, Hungary

Yttrium doped boehmite nanofibres with varying yttrium content have been prepared at low temperatures using a hydrothermal
treatment in the presence of poly(ethylene oxide) surfactant (PEO). The resultant nanofibres were characterized by X-ray diffrac-
tion (XRD) and transmission electron microscopy (TEM). TEM images showed the resulting nanostructures are predominantly
nanofibres when Y-doping is less than 5%: in contrast Y-rich phases were formed when doping was around 10%.

The doped boehmite and the subsequent nanofibres/nanotubes were analyzed by thermogravimetric and controlled rate ther-
mal analysis methods. The boehmite nanofibres produced in this research thermally transform at higher temperatures than boehmite
crystals and boehmite platelets. Boehmite nanofibres decompose at higher temperatures than non-hydrothermally treated boehmite.

Keywords: acicular, boehmite, nanofibre, nanomaterial, nanosheets, nanotube

Introduction

Recently, the synthesis of inorganic nanoscale materi-
als with special properties has been of great interest in
material science [1, 2], because their intrinsic proper-
ties at the nanoscale level. Material properties are
mainly determined by their composition, structure,
crystallinity, size and morphology [3]. In particular,
one dimensional (1D) nanoscale inorganic materials
including nanofibers, nanowires and nanotubes have
attracted extensive interest due to their distinctive ge-
ometries, novel physical and chemical properties and
potential applications in numerous areas [4].
Boehmite (AIOOH), a principal oxo-hydroxide
of aluminium, is a crucial precursor in sol-gel tech-
nique for preparing high-purity and high-strength
monolithic a-alumina ceramics for use as substrates
for electronic circuits, abrasive grains, high-tempera-
ture refractory materials, fibres and thin films [5].
Alumina (AL,Os3) can be obtained from AIOOH by a
simple dehydration process from a certain tempera-
ture. It has been demonstrated that AIOOH nano-
structures undergo an isomorphous transformation to
nanocrystalline alumina during heating [6-8]. There-
fore, the morphology and size of the resultant alumina
can be manipulated by controlling the growth of
boehmite. Alumina has been employed as catalyst [9],
adsorbent [10, 11], composite materials [12, 13] and
ceramics [14-16]. Due to the high surface area of alu-
mina phases, its chemical and thermally stable prop-
* Author for correspondence: r.frost@qut.edu.an
1388-6150/820.00
© 2008 Akadémiai Kiado, Budapest

erties and mesoporous properties, alumina has been
extensively used as carrier and support for a variety of
industrial catalysts at high temperature as well as low
temperature. It is believed that the high temperature
creep deformation of alumina is related to the grain
boundary diffusion process in polycrystalline alu-
mina [17]. It has been noticed that high-temperature
creep in fine-grained alumina can be controlled by
doping with small amounts of rare-ecarth elements,
such as yttrium [ 18]. Besides, doped with yttrium, the
resulting boehmite/alumina nanostructure may have
special optical properties which will enable it to
further industrial applications.

Thermal analysis has proved most useful for the
analysis of minerals and related materials [19-28].
In this work, a series of yttrium doped boehmite nano-
fibres with varying yttrium content have been synthe-
sised by introducing yttrium as dopant and the proper-
ties of the resultant yttrium doped boehmite nanofibres
were systematically studied using X-ray diffraction,
transmission electron microscopy and both dynamic
and controlled rate thermogravimetric techniques.

Experimental
Synthesis of Y-doped boehmite nanofibres

The detailed experimental procedure is as follows.
A total amount of 0.2 mol aluminium nitrate and

Akadémiai Kiado, Budapest, Hungary
Springer, Dordrecht, The Netherlands
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yttrium nitrate were mixed before dissolved in ul-
tra-pure water. Mixtures with yttrium molar percentage
of 1, 2, 3, 4.5 and 10% were prepared separately and
then dissolved in ultra-pure water to form a solu-
tion (A) with a metal ion to H,O molar ratio of 1:100
and heated to 80°C. With stirring in solution A,
5 mol L ' NaOH solution was then added dropwise at a
constant rate of 5 mL min"' to form precipitate. After
that it was aged for two hours with constant stirring
at 80°C, the resulting precipitate was recovered by
centrifugation, washed with pure water several times to
remove sodium nitrate. The washed precipitate was
then mixed with water and nonionic PEO surfactant
TC]‘gitOl 15-S-7 (C[3_14H35_390(CH3CH30}7H, Ald]"lCh}
with average molecular mass of ~508 at a
metal:H,O:PEO molar ratio of 0.2:3.2:0.04. The vis-
cous mixture is stirred for 1 h at room temperature and
then transferred into an autoclave and kept in oven an
at 100°C for 6-day hydrothermal treatment. The final
product was washed by water and dried in air at 80°C.

X-ray diffraction

XRD analyses were performed on a PANalytical
X Pert PRO X-ray diffractometer (radius: 240.0 mm).
Incident X-ray radiation was produced from a line fo-
cused PW3373/10 Cu X-ray tube, operating at 45 kV
and 35 mA, providing K, wavelength of 1.540596 A.
The incident beam passed through a 0.04 rad, Soller
slit, a 1/2° divergence slit, a 15 mm fixed mask and
a 1° fixed anti-scatter slit. After interaction with the
sample, the diffracted beam was detected by an
X’Celerator RTMS detector. The detector was set in
scanning mode, with an active length of 2.022 mm.
Samples were analysed utilising Bragg-Brentano ge-
ometry over a range of 3-75° 20 with a step size
of 0.02° 28, with each step measured for 200 s.

TEM analysis

A Philips CM 200 transmission electron micros-
copy (TEM) at 200 kV was used to investigate the
morphology of the boehmite nanofibres. All samples
were dispersed in absolute ethanol solution and then
dropped on copper grids coated with carbon film,
dried in an oven at 60°C for 10 min for TEM studies.

Thermal analysis
Dynamic experiment

Thermal decomposition of the yttrium doped boehmite
samples was carried out in a Derivatograph PC-type
thermoanalytical instrument (Hungarian Optical
Works, Hungary) capable of recording the thermo-
gravimetric (TG), derivative thermogravimetric (DTG)

220

and differential thermal analysis (DTA) curves simul-
taneously. The sample was heated in a ceramic
crucible in static air atmosphere at a rate of 5°C min .

Controlled rate thermal analysis experiment

Thermal decomposition of the yttrium doped
boehmite was carried out in a derivatograph in static
air atmosphere (250 cm’ min ') at a pre-set, constant
decomposition rate of 0.15 mg min ', (Below this
threshold value the samples were heated under dy-
namic conditions at a uniform rate of 1.0°C min_l).
The samples were heated in an open ceramic crucible
at a rate of 1.0°C min'. With the quasi-isothermal,
quasi-isobaric heating program of the instrument the
furnace temperature was regulated precisely to pro-
vide a uniform rate of decomposition in the main
decomposition stage.

Results and discussion
X-ray diffraction

Figure | shows the XRD patterns of doped samples
after 6 days hydrothermal treatment at 100°C. All the
diffraction peaks of the resultant samples with yttrium
doping of 1, 2, 3, 4 and 5% can be assigned to ortho-
rhombic boehmite (AIOOH, JCPDS 00-005-0190).
The characteristic diffraction peaks for boehmite at
around 14, 28, 38 and 48° 20 degree indicate an
excellent crystallinity of these samples. As for 10%
doped sample, yttrium peaks as well as boehmite
peaks were presented in the XRD pattern. Peak posi-
tion, FWHM, lattice parameters and crystal sizes of
samples with varying Y-content after 6 days hydro-
thermal treatment at 100°C are shown in Table 1.
Peak position at both 020 and 002 varied with the in-
crease in doped Y%. Variation in lattice parameter b
was observed whereas lattice parameter ¢ remains
constant with the increase in Y-content when taking
account of calculation errors. Crystallite size along ¢
and b crystallographic directions varies with the
increase in doped Y.

i
i

Ll LE T T T
0 10 20 30 40 50 60 70 80
20/degree

Fig. 1 Powder X-ray diffraction patterns of Y doped boehmite
samples with varying Y%
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Table 1 Peak position, FWHM, lattice parameters and crystal sizes of samples with varying Y -content after 6 days hydrother-

mal treatment at 100°C

Peak position FWHM
Added/% ikl Lattice parameter/A Crystal size/nm
20/degree

| 020 13.820 2222 12.81 3.6
002 49.120 0.672 3.71 13.0
5 020 13.970 2.180 12.67 3.7
- 002 49.178 0.894 3.70 9.8
3 020 13.990 1.998 12.65 4.0
002 49.157 0.624 3.70 14.0
4 020 13.754 2.400 12.87 33
002 49.192 0.726 3.70 12.0
5 020 13.795 2.386 12.83 3.4
002 49.160 0.658 3.70 13.3
10 020 13.816 2.551 12.81 31
002 49.115 0.883 3.71 9.9

Transmission electron microscopy

Figure 2 shows the morphology of Y-doped samples af-
ter 6 days hydrothermal treatment with Y% of 1, 3
and 5. It was noted that nanofibres, nanotubes with
small amount of nanosheets were formed in all these
three samples. The overall morphology and size of |
and 3% doped bochmite are similar. The average length
and width of these two samples are approximately 90

Fig. 2 TEM images of a— 1, b—3 and ¢ — 5% Y-doped
boehmite nanofibres

J. Therm. Anal. Cal, 94, 2008

and 2.5 nm, respectively. It was noted that the size
of 5% Y-doped boehmite was remarkable bigger than
the other two doped samples with an average length and
width of about 100 and 3.5 nm which is close to the size
of pure bochmite synthesized under the same procedure
and conditions our early study [29]. As for 10% sample,
except for nanofibres with similar size as that formed
in 5% sample, large nanorods and square-shaped yt-
trium rich crystals were observed.

Thermogravimetric analysis

The dynamic thermal analysis of boehmite is dis-
played in Fig. 3. The results of the dynamic experi-
ment are reported in Table 2. Due to a yttrium rich
phase formed in the 10% sample, samples with added
yttrium percentage of 1, 3 and 5 were selected for fur-
ther investigation by dynamic and controlled rate
thermogravimetric techniques. The dynamic thermal
analyses of the 1, 3 and 5% yttrium doped boehmite
are shown in Figs 4-6. The controlled rate thermal
analysis of boehmite is displayed in Fig. 7. The con-
trolled rate thermal analysis of 1, 3 and 5% yttrium
doped boehmite are displayed in Figs 8-10. The re-
sults of the thermal decomposition of the 1, 3 and 5%
yttrium doped boehmite are reported in Table 3.

I.S:“l

Mass loss/mg

400 £
04— 20F

T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Temperature/°C

Fig. 3 Dynamic thermal analysis patterns of boehmite
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Pure boehmite with 6 days hydrothermal treatment
at 100°C shows four decomposition steps. The step
characteristic of boehmite is the broad DTG step at
~397°C with a mass loss of 15.10% (Table 2). The first
mass loss occurs at around 83°C with a mass loss of
7.90%. This mass loss step is attributed to adsorbed and
intercalated water. The second mass loss step is ob-
served at 209°C and accounts for the major mass loss
step of 2.10% mass loss. This mass loss is attributed to
interstitial water trapped between the boehmite layers.
The theoretical mass loss based upon the equation:

2AI00H—AL03+H,0

1s 15.0% [30].
Undoped boehmite nanofibres/tubes prepared
at 100°C for 6 days show at least four separate de-

] o
_5- 0 2'

B 101 ol
§ 15 2 &
K-} - =
v 204 3 g
S -25 4 B
2

304 5 E

35 . -F

0 100 200 300 400 500 600 700 ROO 900 1000
Temperature/°C

Fig. 6 Dynamic thermal analysis patterns of 5% yttrium doped
boehmite
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Fig. 7 Controlled rate thermal analysis patterns of 1% yttrium
doped boehmite

composition steps. The step which is characteristic of
boehmite is the sharp DTG step at 345°C, with a mass
loss of 13.23%. The first mass loss occurs at around
50°C, with a mass loss of 1.23%. This mass loss step
is attributed to adsorbed water. The second mass loss
step 1s observed in the 176-241°C temperature range
and accounts for the major mass loss step with
13.24% mass loss. This mass loss is attributed to the
combustion of the surfactant [31].

The 1% Y-doped boehmite DTG curve dis-
plays 4 maxima in the DTG curves at 89, 231 (sharp),
326 and 422°C. These DTG peaks are assigned to
9a) dehydration (b) combustion of the surfactant di-
recting agent (¢) dehydroxylation of boehmite and
(d) further dehydroxylation. The DTA curve for this
material shows an endotherm at 89 and around 430 and

Table 2 Decomposition stages under dynamic condition for yttrium doped boehmite

Sample

Boehmite at 100°C Boehmite 1% Y-doped

Boehmite 3% Y-doped Boehmite 5% Y-doped

Mass loss (sample Mass loss (sample

Tape/°C ~ Mass:S3.11mg)/ 7 poc  mass: 56.91 mg)/
mg Yo mg Y%
24-172 4.2 7.9 29-205 4.9 8.6
172-246 1.1 2.1 205-256 1.1 1.9
246-5006 8.0 15.1 256-360 3.6 6.3
506-877 0.9 1.7 360-500 5.1 9.0
500-800 0.9 1.6

222

Mass loss (sample Mass loss (sample

Tropg°C  MAss: 88.85 mg)/ Tonge/°C  MASS: 76.02 mg)/
mg Y% mg Yo
25-199 8.0 9.0 25-211 8.7 11.4
199-270 1.7 1.9 211-305 2.8 3.7
270-516 12.3 13.8 305-527 9.1 12.0
516-800 1.2 1.4 527-800 1.1 1.4
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an exotherm at 231°C. It is proposed that at 427°C the
boehmite nanofibres transformed to y-alumina.
The DTG peak and the DTA exotherm at 231°C are as-
signed to the combustion of the PEO surfactant. In a
previous piece of research infrared emission spectros-
copy was used to study the dehydroxylation of natural
and synthetic boehmite [32]. It was found that de-
hydroxylation starts at 250 and is complete by 450°C.
The dehydroxylation is followed by the loss of inten-
sity of the hydroxyl stretching frequencies observed at
3478, 3319 and 3129 cm ' and by the loss of intensity
of the hydroxyl deformation modes at 1140 and
1057 cm'. A previous study made simulations of the
thermal decomposition of bochmite [33]. It was found
that the simulations of the non-isothermal experiments.
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at constant heating rates show that thermally stimu-
lated transformation of nanocrystalline boehmite into
alumina can be accurately modelled by a 4-reaction
mechanism involving: (I} the loss of physisorbed wa-
ter, (IT) the loss of chemisorbed water, (II) the conver-
sion of boehmite into transition alumina, (IV) the de-
hydration of transition alumina (loss of residual
hydroxyl groups) [33]. Another study of boehmite pre-
cipitates by the authors found that thermal analysis
showed five endotherms at 70, 140, 238, 351 and
445°C and these endotherms are attributed to the dehy-
dration and dehydroxylation of the hydrolyzate [34].

The calculation of the water content is given in
the appendix. For the 1% yttrium doped boehmite the
amount of water was calculated as 0.30 mol mol ™" of
AlO(OH). The values for 3 and 5% yttrium doped
boehmite are 0.36 and 0.45 moles of water per mole
of AIO(OH). The relationship between the moles of
water in the interlayer and the moles of yttrium dop-
ing of the boehmite appears linear. The relationship is
given as y=0.375x+0.2575 with R*=0.9868. In a pre-
vious study the authors proposed that water was in-
corporated into the boehmite structure through fold-
ing of the boehmite layers which resulted in changes
in the 020 reflection [34]. It was postulated that the
structure of the resultant AIO(OH) formed from cold
water hydrolysis of trisecbutoxyaluminium(IIl) was
one of folded boehmite structure along the 020 planes
of boehmite. This structure was then proposed to
straighten during ageing of the amorphous aluminium
oxy(hydroxide), which results in the formation of
pseudoboehmite. Such a structure showed an X-ray
diffraction pattern with the (020) peak for pseudo-
boehmite but not other peaks, which was attributed to
the disintegration of long range order but preservation
of short range order. It should be noted that the tem-
perature of hydrolysis is 75°C. The reason for the se-
lection of this temperature is that at and above this
temperature a single phase is formed. If the hydro-
lysate is formed at 25°C, an amorphous aluminium
oxy(hydroxide) is formed, which on ageing trans-
forms to boehmite and gibbsite. Thus it is proposed
that the increase in Y-content in the boehmite results
in an increase in the amount of pseudoboehmite and
thus more water is incorporated into the pseudo-
boehmite structure.

The 3% Y doped boehmite shows three DTG
peaks at 99, 255 and 427°C. The DTA curve displays
two endotherms at 99 and 427°C and an exotherm
at 255°C.

The attribution of the DTG peaks is as above.
The 5% Y-doped boehmite shows three DTG peaks at
97, 282 and 424°C. The DTA curve of the 5% Y-doped
boehmite displays two endotherms at 97 and 427°C and
an exotherm at 282°C. It appears that as the yttrium dop-
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ing increases the DTG peak at around 427°C becomes
significantly broader. This provides an indication of the
wide range of nanofibres present in the bochmite
nanomaterial. In the work reported by Alphonse and
Courty [33] the DTG peak for the nanocrystalline
boechmite of platelets of size 10 nm was around 390°C.
[t is concluded that the boehmite nanofibres produced in
this research thermally transform at higher temperatures
than boehmite crystals and boechmite platelets.

The CRTA of the pure boehmite (Fig. 7) shows as
for the dynamic experiment shows four decomposition
steps as per Table 3. These steps are attributed to two
dehydration steps the first of which 1s isothermal
at ~70°C and is assigned to adsorbed water, This ac-
counts for a 8.4% mass loss. The second mass loss
at 180°C is obviously non-isothermal and accounts for
a 1.4% mass loss. In the dynamic experiment a signifi-
cant exothermic reaction was observed at 209°C. The
third mass loss of 16.10% is also isothermal and occurs
at ~400°C. In the dynamic experiment a slow mass loss
over a wide temperature range occurs, commencing at
around 250 and is complete by 470°C.

The CRTA of the 1% yttrium doped boehmite
shows a quasi-isothermal dehydration step at 80°C.
Similarly to the dynamic experiment, two de-
hydroxylation stages can be separated in the 175 to
500°C range with the local minimum in the DTG
curve at 326°C. Interestingly, the second step of de-
hydroxylation is approaching a quasi-isothermal
course. The shoulder in the DTG curve at about
220°C is assigned to the combustion of traces of the
surfactant adsorbed on the surface.

The CRTA of the 3% yttrium doped boehmite
shows a quasi-isothermal step of dehydration at
around 60°C. The two-stage pattern of dehydroxyla-
tion can also be observed in the DTG curve in the 175
to 450°C range. The second (quasi-isothermal) step of
dehydroxylation is increased at the expense of the
first one. The burning of the surfactant can also be
identified at around 220°C. The CRTA of the 5% yt-
trium doped boehmite shows a quasi-isothermal de-
hydration step at about 63°C. The combustion of the
surfactant can be observed at about 250°C. Although
the second part of dehydroxylation is approaching a
quasi-isothermal pattern, the separation of the two
dehydroxylation processes can no longer be observed
in the DTG curve. This is in harmony with the dy-
namic experiments. In the dynamic experiments the
two dehydroxylation steps at 326 and 422°C gradu-
ally merged with the increase of yttrium concentra-
tion. The anomaly why the initial part of de-
hydroxylation is non-isothermal, while the second
part is getting to be an isothermal process needs
further studies on the mechanism of decomposition.

J. Therm. Anal. Cal., 94, 2008

Conclusions

Yttrium doped boehmite nanofibres of some 250 nm
in length can be prepared at 100°C using soft chemi-
cal hydrothermal methodology using PEO as a
surfactant directing agent. The yttrium content in
boehmite nanostructures was found to be limited to a
maximum of around 5.0%. Fibres or needles were
formed at low Y-doping. With the increasing Y-con-
tent nanosheets are formed.

Thermal analysis under dynamic and CRTA con-
ditions shows that the steps of dehydroxylation are
merged with the increase of the yttrium content. The
CRTA experiment revealed that the two steps of
dehydroxylation take place according to different
mechanisms.

Appendix
Calculation of water content for Y-doped boehmite

using the formula A1O(OH)-xH,0O. Loss of water is calculated
according to the reaction:

ALO(OH)xH,0—AIO(OH) - xH,0

A) 1% Y-doped boehmite

Composition: AIO(OH)-xH,0O
Loss of water up to 175°C is 17.9 mg (0.993 mmol).
Mass of dehydrated mineral is 197.24 mg (3.288 mmol).
Thus, the amount of crystallization water is 0.30 mol.

B) 3% Y-doped boehmite

Composition: AIO(OH)-xH,O
Loss of water up to 172°C is 23.5 mg (1.304 mmol).
Mass of dehydrated mineral is 214.49 mg (3.575 mmol).
Thus, the amount of crystallization water is 0.36 mol.

C) 5% Y-doped boehmite

Composition: AIO(OH)-xH,0
Loss of water up to 193°C is 22.6 mg (1.254 mmol).
Mass of dehydrated mineral is 166.43 mg (2.774 mmol).
Thus, the amount of crystallization water is 0.45 mol.
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ABSTRACT

Raman spectroscopy complemented by infrared spectroscopy was used to
characterise both gallium oxyhydroxide a-GaO(OH) and gallium oxide B-Ga,0;
nanorods synthesised with and without the surfactants using a soft chemical
methodology at low temperatures. Nano to micro sized gallium oxyhydroxide and
gallium oxide materials were characterised and analysed by both X-ray diffraction
and Raman spectroscopy. Rod-like GaO(OH) crystals with average length of ~2.5
um and width of 1.5 um were obtained. Upon thermally treating gallium
oxyhydroxide GaO(OH) to 900°C B-Ga,Os; was synthesised retaining the initial
GaO(OH) morphology. Raman spectroscopy has been used to study the structure of
nanorods of GaO(OH) and Ga,O3 crystals.

Raman spectroscopy shows bands characteristic of GaO(OH) at 950, ~1000 ¢cm™
attributed to Ga-OH deformation modes. Bands at 261, 275, 433 and 522 cm’ are
assigned to vibrational modes involving Ga-OH units. Bands observed at 320, 346,
418 and 472 cm’! are assigned to the deformation modes of Ga,O¢ octahedra. Two
sharp infrared bands at 2948 and 2916 cm™ are attributed to the GaO(OH) symmetric
stretching vibrations. Raman spectroscopy of Ga,Os provides bands at 630, 656 and
767 cm’ which are assigned to the bending and stretching of GaO, units. Raman
bands at 417 and 475 cm’™" are attributed to the symmetric stretching modes of GaO,
units. The Raman bands at 319 and 347 cm™ are assigned to the bending modes of

GaO; units.

KEYWORDS- Gallium oxide; Gallium oxyhydroxide; nanorods; nanofibre;
nanotube; Raman spectroscopy.
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ABSTRACT

Ga doped boehmite nanofibres with varying Ga content have been prepared at low
temperature using hydrothermal treatment in the presence of poly (ethylene oxide)
surfactant. The resulting nanofibres were characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), Energy dispersive X-ray analysis (EDX),
N, adsorption/desorption, dynamic and controlled rate thermal analysis and Infrared
Emission Spectroscopy (IES). TEM results show that nanotubes are dominant when
the doped gallium percentage is no more than 5%; nanosheets and amorphous phase
are dominant in 10% and 20% gallium doped samples. N, adsorption/desorption
analysis reveals a large amount of micropores and mesopores are present in the
resultant samples. Similar to iron and yttrium doped boehmite nanomaterials,
remarkable larger BET specific area were achieved compared to pure boehmite
nanomaterials. Both dynamic and controlled thermal analysis show that the gallium
doped boehmite nanomaterials dehydrate at higher temperature than that of pure
boehmite. Interestingly, the better the crystallinity of the resultant nanotubes is, the
higher the dehydration temperature. The IES show that dehydroxylation of the

resultant gallium doped boehmite nanomaterials starts at 250 °C and is complete by

450 °C.

KEYWORDS- Doped boehmite, acicular, nanofibre, nanotube, nanosheets.
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Abstract:

Ga doped boehmite nanofibres with varying Ga content have been prepared at low temperature
using hydrothermal treatment in the presence of poly (ethylene oxide) surfactant. The resulting
nanofibres were characterized by X-ray diffraction (XRD), transmission electron microscopy
(TEM), Energy dispersive X-ray analysis (EDX), N, adsorption/desorption, dynamic and
controlled rate thermal analysis and Infrared Emission Spectroscopy (IES). TEM results show
that nanotubes are dominant when the doped gallium percentage is no more than 5%; nanosheets
and amorphous phase are dominant in 10% and 20% gallium doped samples. N,
adsorption/desorption analysis reveals a large amount of micropores and mesopores are present in
the resultant samples. Similar to iron and yttrium doped boehmite nanomaterials, remarkable
larger BET specific area were achieved compared to pure boehmite nanomaterials. Both dynamic
and controlled thermal analysis show that the gallium doped boehmite nanomaterials dehydrate at
higher temperature than that of pure boehmite. Interestingly, the better the crystallinity of the
resultant nanotubes is, the higher the dehydration temperature. The IES show that
dehydroxylation of the resultant gallium doped boehmite nanomaterials starts at 250 °C and is

complete by 450 °C.
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Introduction

Recently, the synthesis of inorganic nanoscale materials with special properties have
been of great interest in material science [1, 2], because their intrinsic properties of nanoscale
materials are mainly determined by their composition, structure, crystallinity, size and
morphology [3]. In particular, one dimensional (1D) nanoscale inorganic materials including
nanofibres, nanowires and nanotubes have attracted intensive interest due to their distinctive
geometries, novel physical and chemical properties and potential applications in numerous areas
[4]. Because of its high surface area, chemical and thermally stable properties and mesoporous
properties, alumina has been extensively used as carrier and support for a variety of industrial
catalysts at high temperature as well as low temperatures. Alumina can be employed as a catalyst
[5], adsorbent [6, 7], composite materials [8, 9] and ceramics [10-12]. Boehmite (y-AlIOOH), a
principal oxohydroxide of aluminium, is a crucial precursor in sol-gel technique for preparing
high-purity and high-strength monolithic a-alumina ceramics for use as substrates for electronic
circuits, abrasive grains, high-temperature refractory materials, fibres and thin films . Boehmite
nanofibres were first synthesised by John Bugosh in 1961. Boehmite 1D nanostructures can be
used as molecular building units in the preparation of core/shell materials [10, 13]. Also, since
the resulting alumina prepared from boehmite can keep the original size and morphology after
calcination, great effort has been devoted to the investigation of nanoscale boehmite materials,

especially 1D nanostructures, such as nanofibres and nanotubes [14, 15].

Latterly, Zhu et al [16] reported an interesting new synthesis method by using a
surfactant. Rather than acting as templates as for the synthesis of mesoporous materials, the
surfactant was able to direct formation of boehmite fibres . It was also reported that a much
higher Al concentration and lower temperatures can be used, compared to traditional methods for
the synthesis of boehmite nanofibres. This is an efficient approach for producing nanofibres in
large quantities. Metal ion doping is a promising technique to fabricate and control the properties
of materials. Enhanced or new properties can be achieved by introducing Ga to the target
materials [17-21]. Therefore, doped with Ga, the resulting boehmite nanostructure may have
promising optical, electronic and other properties which will enable further industrial

applications.

It is well known that the surface properties including surface area, pore volume and pore
size distribution are very important for materials in the applications of catalysts, adsorbents and
so on. Thermal analysis has proved to be another most important and useful for the analysis and
application exploration of minerals and related materials . In this work, a series of gallium doped
boehmite nanotubes with varying gallium content have been synthesized and the morphology and
most importantly the detailed properties of the resultant materials were investigated by using

TEM, XRD, EDX, N, adsorption/desorption, t-plot analysis and distribution analysis, TG
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techniques and Infrared Emission Spectroscopy.

Experimental

Synthesis of Ga doped boehmite nanofibres

The detailed experimental procedure is as follows. A total amount of 0.2 mol aluminium nitrate
and gallium nitrate were mixed before dissolved in ultra-pure water. Mixtures with gallium molar
percentage of 0%, 1%, 2%, 3%, 4%, 5%, 10% and 20% were prepared separately and then
dissolved in ultra-pure water to form a solution (A) with a metal ion to H,O molar ratio of 1:100
and heated to 80 °C. With stirring in solution A, 6 mol-L-1 NaOH solution was then added
drop-wise at a constant rate of 5 ml'min-1 to form precipitate. After that it was aged for two
hours with constant stirring at 80°C, the resulting precipitate was recovered by centrifugation,
washed with pure water several times to remove sodium nitrate. The washed precipitate was then
mixed with water and nonionic PEO surfactant Tergitol 15-S-7 (Cy5.14H25290 (CH,CH,O);H ,
Aldrich) with average molecular weight of ~508 at a metal: H20: PEO molar ratio of 1:16:0.4.
The viscous mixture is stirred for one hour at room temperature and then transferred into an
autoclave and kept in oven at 100°C for 6 day hydrothermal treatment. The final product was

washed by water and dried in air at 80°C.

X-ray diffraction

XRD analyses were performed on a PANalytical X’Pert PRO X-ray diffractometer (radius: 240.0
mm). Incident X-ray radiation was produced from a line focused PW3373/10 Cu X-ray tube,
operating at 45 kV and 35 mA, providing Kalwavelength of 1.540596A. The incident beam
passed through a 0.04 rad, Soller slit, a /2° divergence slit, a 15 mm fixed mask and a 1° fixed
anti scatter slit. After interaction with the sample, the diffracted beam was detected by an
X’Celerator RTMS detector. The detector was set in scanning mode, with an active length of
2.022 mm. Samples were analyzed utilizing Bragg-Brentano geometry over a range of 3-75° 20

with a step size of 0.02° 20, with each step measured for 200 seconds.

TEM Analysis

A Philips CM 200 transmission electron microscopy (TEM) at 200 kV was used to investigate the

morphology of the Ga doped boehmite nanofibres. All samples were dispersed in absolute
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ethanol solution and then dropped on copper grids coated with carbon film, dried in an oven at 60

°C for 10 mins for TEM studies.

Energy dispersive X-ray analysis (EDX)

The EDX analysis procedure for Ga doped samples before hydrothermal treatment is as follows:
The samples were crushed into tablets and then coated with a thin layer of evaporated carbon to
enhance surface conductivity. After this preparation, EDX analysis was carried out in a JEOL
840A analytical scanning electron microscope (SEM) at a 15 kV accelerating voltage using a
JEOL 2300 microanalyzer. The EDX analysis for Ga doped samples after hydrothermal treatment
was performed via TEM using an Oxford Instruments Link ISIS microanalysis system. At least

five analyses at different spots were performed for each sample to obtain an average value.

N; adsorption/desorption

Surface area analysis based up N, adsorption/desorption techniques were analysed on a
Micrometrics Tristar 3000 automated gas adsorption analyser after the sample was pre-treated at

110°C under the flow of N; on a Micrometrics Flowprep 060 degasser.

Thermal analysis

Dynamic experiment

Thermal decomposition of the gallium doped boehmite samples was carried out in a
Derivatograph PC-type thermoanalytical instrument (Hungarian Optical Works, Budapest,
Hungary) capable of recording the thermogravimetric (TG), derivative thermogravimetric (DTGQG)
and differential thermal analysis (DTA) curves simultaneously. The sample was heated in a

ceramic crucible in static air atmosphere at a rate of 5° C/min.

Controlled Rate Thermal analysis experiment

Thermal decomposition of the gallium doped boehmite was carried out in a Derivatograph in
static air atmosphere (250 cm’/min) at a pre-set, constant decomposition rate of 0.15 mg/min.
(Below this threshold value the samples were heated under dynamic conditions at a uniform rate
of 1.0 °C/min). The samples were heated in an open ceramic crucible at a rate of 1.0 °C/min™".

With the quasi-isothermal, quasi-isobaric heating program of the instrument the furnace
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temperature was regulated precisely to provide a uniform rate of decomposition in the main

decomposition stage.

Infrared Emission Spectroscopy

FTIR emission spectroscopy was carried out on a Nicolet Nexus 870 FTIR spectrometer
equipped with a TGS detector, which was modified by replacing the IR source with an emission
cell. A description of the cell and principles of the emission experiment have been published
elsewhere . Approximately 0.2 mg of boechmite was spread as a thin layer (approximately 0.2
microns) on a 6 mm diameter platinum surface and held in an inert atmosphere within a

nitrogen-purged cell during heating.

Band component analysis was undertaken using the Jandel ‘Peakfit’ (Erkrath, Germany) software
package which enabled the type of fitting function to be selected and allows specific parameters
to be fixed or varied accordingly. Band fitting was done using a Lorentz-Gauss cross-product
function with the minimum number of component bands used for the fitting process. The
Lorentz-Gauss ratio was maintained at values greater than 0.7 and fitting was undertaken until
reproducible results were obtained with squared correlations ( ) greater than 0.995. Band fitting
of the spectra is quite reliable providing there is some band separation or changes in the spectral

profile.

Results and Discussion
X-ray diffraction

The X-ray diffraction patterns of the Ga doped samples before and after hydrothermal treatment
are shown in Figures la and b. Figure la shows the XRD patterns of the Ga doped samples
before hydrothermal treatment but after ageing. (These are referred to as precipitate samples).
The main peaks in patterns for the undoped and 1% Ga doped samples match well the standard
reference pattern for boehmite [00-005-0190]. Bayerite phase was also formed in pure
boehmite sample whereas no bayerite phase was observed in the 1% sample. As for precipitate
samples with Ga content between 2 and 5%, although the overall diffraction patterns are broad
indicating small particle size in the resulting sample, boehmite as well as bayerite phases can be
clearly seen in the patterns. Nearly no boehmite phase can be observed in the patterns for
precipitate samples with 10 and 20% Ga doping. A broad diffraction peak at around 8° 26 can
also be clearly observed for the precipitate samples with Ga varying from 2 to 20%. Those broad

peaks are attributed to a poorly diffracting phase. The peak at around 8° 20 is pseudoboehmite

178



[22]. It was noted that the peak position for the precipitate samples shifted to a higher degree 260
with increasing Ga content, ranging from 7.72 to 8.56° 260. It can be concluded that during
precipitation, the formation of boehmite is more favourable at low Ga doping, whereas bayerite

and pseudoboehmite phases are more favourable at high Ga doping.

Figure 1b displays the XRD patterns for Ga doped samples after 6 days hydrothermal treatment.
Very broad diffraction peaks for 20% Ga doped bochmite treated at 100°C were observed
indicating a poorly diffracting phase which is in agreement with TEM results where ~90% of the
entire sample is amorphous phase. Except for the pattern of 20% sample treated at 100 °C, all the
peaks in the other patterns can be assigned to boehmite [00-005-0190] indicating boehmite phase
is more stable than bayerite phase under the reaction conditions employed in this work. The
crystallite sizes of 1% Ga doped sample with 0, 2, 4, 6 days hydrothermal treatment were
calculated by the Debye-Scherer equation showing a gradual increase from 7.42, 21.74, 20.56 nm
to 11.03, 27.75, 38.50 nm along 020, 002, 200 crystallographic directions; Whereas the peak
width decreased gradually with the increase in hydrothermal time, indicating a gradual increase
in crystallinity of the nanostructures during the soft chemical treatment. Lattice cell parameters a,
b and ¢ and crystallite size for Ga doped samples with varying Ga content after 6 days
hydrothermal treatment at 100°C were calculated based on the XRD results. There is no obvious
relationship between doped Ga% and peak width, and consequential calculated crystal size. It
was observed that when Ga content is <10%, lattice parameter a and b remain constant, whereas
b varies from 12.23 to 12.71 A with the change in composition and decreases during
hydrothermal treatment. The change in b is related to the hydration of the boehmite basal spacing
where large values indicating a high amount of hydration as compared to small values. A gradual
increase in crystallite dimension with increasing Ga content along the b (from 6.3 to 20.8 nm)
crystallographic direction was also observed indicating Ga doping increases the crystallite size of
the resultant materials. Similarly as for the precipitate samples, a broad peak at around 8° 26 was
observed in each sample when Ga content is above 2%. Interestingly, instead of shifting to higher
degree 20 as is observed for the precipitate samples, the peak position for samples after
hydrothermal treatment shift to a low degree 26 with the increase in Ga content, ranging from

8.25 to 8.98° 20.

Transmission electron microscopy and EDX analysis

The typical TEM images of Ga doped samples are shown in Figure 2. As can be seen in Figure
2a, 2b, 2c¢, 2d and 2e , at low concentrations up to 5% Ga doping, except for the formation of a
small amount of platelike angular crystals in the 1% sample, the only Ga-boehmite morphology
is that of nanotubes. The internal and external diameters of Ga doped nanotubes are around 2-5

nm and 3-7 nm, respectively. The average lengths of nanotubes with varying Ga content are
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~90 nm ranging from 30-140 nm which are similar to those of pure boehmite nanotubes. The
average width of the nanotubes increased slightly with the increase in Ga content while there was

minimal difference in the average length.

Above 5%, a mixture of nanotubes, nanoribbons nanosheets and amorphous phases are formed.
Nanosheets, which have bevelled ends, are dominant in the 10% sample, and accounted for ~80%
of the entire sample. The detailed nanosheets in 10% sample are shown in Figure 2g. It was noted
that the length of nanosheets formed in the 10% samples was similar to that of nanotubes, and
some of the partially rolled nanosheets were also observed in the 10% sample, which indicates a
mechanism of rolling up of the sheets for the formation of nanotubes in this material.
Nanoribbons in the 10% sample were up to 220 nm in length, while their width varied from 11 to
16 nm, which is several times larger than the size of the resulting nanotubes. The characteristic
morphology of the 20% Ga doped sample is amorphous phase which is accounted for ~90% of
the entire sample. The detailed investigation and discussion on the morphology of Ga doped

boehmite nanostructures was presented in one of our study [23].

The relationship between added Ga content and observed Ga content for precipitate samples and
for samples after 6 days hydrothermal treatment are compared and shown in Figure 3. Similar to
the Ga doped boehmite nanostructures which was discussed in our early study [23], a linear
relationship between the added and actual Ga content for precipitate samples was also observed

indicating the difference in solubility and miscibility between Ga and Al reactants.

Recently, a miscibility gap was observed in an iron doped boehmite study [21]. No miscibility
gap was found for Ga doped boehmites. One of the possible reasons could be that Fe and Al are
partially miscible whereas Ga and Al are totally miscible. Interestingly, the line slope for
precipitate is 1.0461 which is more than one indicating Al ion is more soluble than Ga ion. The
line slope for nanostructure indicates that only 60-70% of the added Ga content can substitute for

the Al to form Ga-doped boehmite nanotubes for both low and high Ga content.

It was reported nanofibres and nanosheets were formed in high percentage iron doped boehmite
samples where nanosheets were dominant [21]. A similar phenomenon is observed in this work.
The iron content in nanosheets was nearly 50% higher than that in nanofibres[21]. However, in
this work, the average Ga content in nanosheets (5.17%) is lower than that in
nanotubes/nanoribbons (6.48%). As for 20% Ga doped sample after hydrothermal treatment, an
average Ga content of 16.72% for both large crystal and nanoribbons was observed, which
indicates that those large nanoribbons may be built up from large nanoribbons. The average Ga
content for the amorphous phase, accounted for ~90% of the entire sample, was 16.95% which is

remarkable higher than that for nanotube (13.95%) and also a bit higher than the other
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nanostructures including nanoribbons and layered large crystals. It indicated at high Ga content,
most of the Ga stayed in the amorphous phase, proving a Ga source to the growth of nanotubes,

relatively large nanoribbons and layered larger crystals.
N, adsorption/desorption

Nitrogen adsorption/desorption studies, t-plot analysis, and cumulative pore volume and pore size
distribution studies were performed to measure the surface areas and porosities of the resulting
Ga doped boehmite samples. The effect of hydrothermal duration on the BET specific surface
area, pore volume and BET pore diameter were also investigated by studying 1% Ga doped
boehmite samples shown in Figure 4, the increase in hydrothermal time from 0 to 6 days resulted
in dramatically decline in BET specific surface area and remarkable increase in BET average
diameter; whereas the pore volume jumped in the first two days hydrothermal duration from
0.291 to 0.508 cm’-g" and then slightly rose to 0.536 cm’g” in the following two days and
dropped to 0.499 cm’g” during the last two days. The results shown in Figure 4a and 4b
indicated that the fast growth of Ga doped boehmite nanotubes mainly occurred in the first two
days and the growth rate slowed down afterwards. The decrease in pore volume during the last
two days may be due to the formation of secondary particles which was also denoted as

agglomerates in a peer study [24].

As for samples after 6 days hydrothermal treatment, Ga doped samples have remarkable larger
BET specific surface area but much smaller BET average pore diameter (except for 1% Ga doped
sample) when compared to pure boehmite sample. Pore volume of Ga doped samples at low Ga
content (<5%) ranged from 0.405 to 0.511 cm’-g™" which is close to that of pure boehmite sample;
Ga doped samples at high Ga content (>10%) exhibited very low pore volume, such as 0.102
em’g” for 20% Ga doped sample. It was noted that there was little difference in pore volume
when doped Ga% is within 3% and there was an obvious gradual decline in pore volume when
doped Ga% increase from 3 to 20%. A gradual increase in BET specific surface area when doped
Ga% <3% and a gradual decrease in BET specific surface area when doped Ga% >3% were also

observed.

N, adsorption/desorption isotherms can provide useful information on the mesoporous and
microporous property change of the resultant samples. It was reported that adsorption strongly
depends on the porosity of solids [24]. The detailed discussion on N, adsorption-desorption
isothermals for 1% Ga doped sample with 2, 4, 6 days hydrothermal treatment and samples with
varying doped Ga% after 6 days hydrothermal treatment were reported in our early study . A
gradual change in the shape of N, adsorption-desorption curves for 1% Ga doped samples was

observed. the N, adsorption-desorption curves for 1% Ga doped sample without hydrothermal
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treatment ( Referred as precipitate sample) is very much different from the other three 1% Ga
doped samples with 2, 4 and 6 days hydrothermal treatment, which indicated a significant
changes in the texture of the resulting nanostructures ( Figure 5). The 1% Ga doped precipitate
sample has an adsorption capacity of ~200 cm’g”'STP, whereas the other three 1% Ga doped
samples regardless the duration of hydrothermal treatment have a similar adsorption capacity of
~350 cm3-g'1 STP, indicating a larger volume of mesopores were formed in the hydrothermally
treated samples. Capillary condensation predominated in Ga doped samples with Ga percentage
no more than 10% indicating the presence of well formed cylindrical pores is characteristic of the
nanotubes in these samples and also these samples displayed a similar moderate hysteresis effects.

No hysteresis effects were observed for 20% Ga doped boehmite sample.

Based on the new classification of hysteresis loops recommended in IUPAC manual, the
isotherms for 1, 2, 3, 4, 5, 10% Ga doped samples after hydrothermal treatment exhibited type
H3 hysteresis loops that reflected the presence of micropores and mesopores [24]. It was reported
that the type H3 loop is often associated with slit-like pores as a result of the aggregates of
plate-like particles [25], which was in agreement with TEM results that nanotube clusters were
observed throughout the entire samples. Whereas the isotherms for 1% Ga doped precipitate
sample exhibited a mixture shape of type H2 and H4, in particular, more close to type H2 loop.
Type H2 loop occurs in some corpuscular systems such as certain silica gels and type H4
normally can be obtain with adsorbents having slit-shape pores or plate-like particles [24].
Therefore, it would be reasonable to assume that the 1% Ga doped precipitate sample process the
morphology of tiny particles and plate-like particles where those tiny particles dominate in the
entire sample, which is consistent with TEM results that amorphous phase dominated except for a
tiny amount of nanotubes were also formed in the precipitate sample. Samples with 20% Ga
content can be assigned to type H4 associated with type I indicating 1) slit-shape pores or

plate-like particles; 2) low mesoporosity; 3) posses microporosity.

t-plot analysis were undertaken to provide more information on the mesoporous and microporous
property of the resultant Ga doped samples. Figure 6a shows the t-plots of 1% Ga doped
samples with and without hydrothermal treatment. Figure 6b shows the t-plots of samples with
varying Ga content after 6 days hydrothermal treatment. t-plot analysis reveals much more
information regarding the pore structure. For microporous materials, the t-plot is characteristic
with two linear regions, the first region being associated with micropore filling and monolayer
coverage, whereas the second region represents layer-by-layer adsorption in the mesopores [26].
The linearity portion of t-plot indicates the micropores property while the remaining portion at
higher thickness region corresponds to slit shaped pores between the layers of boehmite [27]. As
shown in Figure 6a, 1% Ga doped precipitate sample exhibited excellent microporosity but

remarkable low mesoporosity. A gradual decrease in microporosity and increase in mesoporosity
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with the increase in hydrothermal treatment duration for 1% Ga doped samples can be clearly
observed. As shown in Figure 6b, pure boehmite and 1% Ga doped boehmite sample exhibit
remarkable larger mesoporous than 2, 3, 4, 5, 10 and 20% Ga doped samples, in particular, 20%

Ga doped samples have a very low mesoporosity.

The effect of hydrothermal treatment duration, dopant and the percentage of Ga on the pore size
distribution of resultant samples were investigated and shown in Figure 7. As can be seen in
Figure 7a, the pore size for 1% Ga doped precipitate sample concentrated in the range of 1.4~2.0
nm in radius with a sharp peak at around 1.8 nm showing a pore volume of 0.68 cm™g"'STP.
After two days hydrothermal shown in Figure 7b, the pore size distribution changed dramatically
where the volume of micropores dropped significantly and a large amount of mesopores were
formed. There were two sharp peaks in the pore size distribution curves for all the 1% Ga doped
samples with different hydrothermal treatment duration, indicating a considerable number of
micropores with radius of ~1.8 nm and mesopores with radius of 3~8 were presented in those
samples. As shown in Figure 7b, 7c and 7d, the sharp peak at around 1.8 nm in the microporous
region decrease gradually from ~0.075 to 0.0.043 and 0.027 cm’g'STP after 2, 4, 6 days
hydrothermal treatment; whereas the centre of the other sharp peak in the mesoporous region
shift from ~0.53 to 0.67 nm with the maximum pore volume changing from ~0.095 to 0.845
cm3~g'ISTP when compared sample with 2 days hydrothermal treatment and sample with 6 day
hydrothermal treatment. The pore size distribution results for 1% Ga doped sample with different
hydrothermal treatment duration are in consistent with that of t-plot analysis that micropores
decreased and mesopores increased with the elongation of hydrothermal treatment duration. A
sharp peak at ~1.6 nm and a broad peak in the range of 3.5 ~ 6.5 nm were also observed in pure
boehmite sample after 6 days hydrothermal treatment. Interestingly, when doped Ga percentage
was in the range of 2~10 %, A sharp peak at ~1.8 nm with a large pore volume of 0.24~0.50
cm’-g'STP was observed in each samples but no obvious peaks presented in the mesoporous
region indicating micropores with radius of ~1.8 nm were dominant which is in agreement with
t-plot results. Figure 7e shows the pore size distribution of 10% Ga doped sample after 6 days
hydrothermal treatment and all the other Ga doped sample with Ga percentage ranging from 2 to
5% have a similar shape as 10% Ga doped sample. The remarkable difference in pore size
distribution between samples with Ga percentage of 0, 1% and 2, 3, 4, 5, 10% may be one of the
main reasons for the difference in the shape of N, adsorption-desorption isotherms. 20% Ga dope
sample after 6 days hydrothermal treatment was also presented in Figure 7f showing an
extremely small volume of microporosity and mesoporosity for this sample which is in consistent

with N, adsorption/desorption analysis results.

Thermal analysis
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The dynamic thermal analysis of Ga doped boehmite is displayed in Figure 8a to 8e. The results
of the dynamic experiment are reported in Table 1. Samples with added yttrium percentage of 1,
3, 5, 10 and 20% were selected for further investigation by dynamic and controlled
thermogravimetric techniques. The dynamic thermal analyses of the 1, 3, 5, 10 and 20% gallium

doped boehmites are shown in Figures 8a, 8b, 8¢ 8d and 8e.

The dynamic thermal analysis of pure boehmite nanomaterials prepared via the same
synthesis route was reported in an early study [28]. It was found that undoped boehmite show
four decomposition steps. The characteristic step of boehmite is the broad DTG step at ~397 °C
with a mass loss of 15.10 %. The theoretical mass loss based upon the equation:

2AI00H — Al,0O; +H,0

is 11.5 % [29] . In a previous piece of research infrared emission spectroscopy was used to
study the dehydroxylation of natural and synthetic boehmite[30]. It was found that
dehydroxylation starts at 250 °C and is complete by 450 °C. The dehydroxylation is followed
by the loss of intensity of the hydroxyl stretching frequencies observed at 3478, 3319 and 3129
cm’' and by the loss of intensity of the hydroxyl deformation modes at 1140 and 1057 cm™. A
previous study made simulations of the thermal decomposition of boehmite [31]. It was found
that the simulations of the non-isothermal experiments. at constant heating rates show that
thermally stimulated transformation of nanocrystalline boehmite into alumina can be accurately
modelled by a 4-reaction mechanism involving: (I) the loss of physisorbed water, (II) the loss of
chemisorbed water, (III) the conversion of boehmite into transition alumina, (IV) the dehydration
of transition alumina (loss of residual hydroxyl groups [31]. Another study of boehmite
precipitates by the authors found that thermal analysis showed five endotherms at 70, 140, 238,
351 and 445°C and these endotherms are attributed to the dehydration and dehydroxylation of the
hydrolyzate [32].

As shown in Figure 8a, the 1% Ga doped boehmite DTG curve displays four maxima in the DTG
curves at 97, 277, 380 and 448°C (sharp). The mass loses are 3.4, 7.2, 4.2 and 11.1% over the
temperature ranges 28-173, 173-334, 334-339 and 399-556, respectively. There are two
endothermic peaks observed at 97, 448°C and an exothermic peak at 277°C. These DTG peaks
are assigned to a) dehydration (b) combustion of the surfactant directing agent (c)

dehydroxylation of boehmite and (d) further dehydroxylation.

The 3% Ga doped boehmite DTG curve shows at least three mass loss steps at 105, 210 and
432°C. The DTA curve displays two endotherms at 110 and 435°C and an exotherm at 210°C.
The mass loses are 10.2, 4.8, 14.7 and 1.3% over the range of 30-181, 181-269, 269-542 and
542-895°C. The attribution of the DTG peaks is as above. The 5% Ga doped boehmite shows
four DTG peaks at 107, 217, 293 and 438°C. The DTA curves of 5% Ga doped boehmite displays
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two endotherms at 107 and 438°C and an exotherm at 217°C. It appears that at low gallium
content as the gallium doping increases the DTG peak at around 435°C becomes significantly

broader and the dehydroxylation temperature of boehmite decreases.

The 10% Ga doped boehmite DTG curve display three mass loss steps at 128, 227 and 438°C.
The mass loses are 10.4, 13.6 and 7.1% over the range of 27-192, 192-368 and 368-537°C. Two
endotherms and one exotherm are also observed at around 128, 445 and 235°C, respectively. The
20% Ga doped boehmite shows at least two DTG peaks at 143 and 234°C. The DTG peak at
round 416°C are almost too broad to be observed. The DTA curves of 20% Ga doped boehmite
displays two endothermic peaks and one exothermic peak at around 140, 365 and 242°C.

Compared with undoped boehmite nanomaterials, gallium doped boehmite nanomaterials have
higher the dehydration temperatures of absorbed water and boehmite. In particular, the first
mass loss occurred at a gradually increased temperature from 83 to 143°C with the increase in Ga
doping from 0 to 20% indicating gallium has stronger interaction with the adsorbed water. The
characteristic thermal decomposition step of Ga doped boehmites varies from 416 to 448°C. It

appears that at low Ga doping (Gas<5%) where nanotubes are dominant, there is a linear

relationship between the FWHM along 020 direction and the characteristic decomposition
temperatures (y =-1046.1x + 473.37, R*=0.95). Since FWHM reflects the crystallinity of the
resultant Ga doped boehmite, it can be proposed that the better crystallinity of the doped

boehmite nanotubes, the higher thermal dehydration temperature.

The controlled rate thermal analysis experiment

The controlled thermal analyses (CRTA) of the 1, 3, 5, 10 and 20% gallium doped boehmites are
shown in Figures 9a, 9b, 9c 9d and 9e. The results of the calculations are reported in Table 2. It
was reported that the controlled thermal analysis of pure boehmite prepared at 100°C showed
three main decomposition steps: the first step is isothermal at ~70 °C and is assigned to adsorbed
water accounted for a 8.4% mass loss; the second step at 180 °C is non-isothermal accounted for

1.4% mass loss; the third step is also isothermal accounted for 16.1% and occurred at ~400 °C [].

The controlled rate thermal analysis (CRTA) of the 1% Ga doped boehmite (Fig. 9a) shows a
number of thermal analysis features. A quasi-isothermal step is observed at 57°C, and two
dehydroxylation steps are observed over the temperature range 200 to 700 °C. The CRTA of the
3% Ga doped boehmite shows a different pattern (Fig. 9b). The quasi-isothermal step assigned
to dehydration of the 3 % Ga doped boehmite is observed at 63 °C and dehydroxylation occurs
over an extended period of time over the temperature range 144 to 377 °C. The CRTA of the
5% Ga doped boehmite shows a quasi-isothermal dehydration step at about 66 °C. The
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dehydration and dehydroxylation steps can no longer be separated in the CRTA experiment.
This continuous mass loss becomes even clearer in the 10% Ga doped boehmite (Fig. 9d) and is

also observed for the 20 % Ga doped boehmite. .

Infrared emission spectroscopy

Natural boehmites studied show hydroxyl stretching bands at 3413, 3283, 3096 and 2977
cm’. Some variation in the band positions is observed and attributed to variations in the
boehmite structure. This structure consists of parallel sheets of octahedra with aluminium ions
at the centers of the octahedra. These octahedra are joined through hydrogen bonds between the
hydroxyls of one sheet and the oxygens of the adjacent parallel sheet. The octahedra are joined
in continuous chains. . It is proposed that some variation in the parallel sheets as with kaolinite
structures results in the variation of the frequencies of the component bands. The higher
frequency band at 3413 cm™ is attributed to the non-hydrogen bonded hydroxyl groups that occur
on the edge of the sheets. The band is quite broad with bandwidths of ~250 cm™.  The two
bands at 3283 and 3096 cm™' may be attributed to the stretching hydroxyl stretching frequencies

of the hydroxyl groups within the structure.

The infrared emission spectra of the 5, 10 and 20% Ga doped boehmite in the 650 to 4000 cm’
region are shown in Figures 10a, 10b and 10c. These figures show the change in intensity of the
infrared bands as a function of temperature. The figures clearly show the changes in the
molecular structure as determined by the infrared emission spectra as the boehmite is thermally
treated. Dehydroxylation may be observed by the decrease in intensity of the
hydroxyl-stretching region and also by the decrease in intensity of the hydroxyl deformation
modes in the 1000 to 1100 cm™ region. It should be noted that the spectra at 200 °C are noisy.
This is due to the low thermal energy at this temperature. ~ Three bands in the IE spectra of the
5% ga doped boehmite at 100 °C (Fig. 10a) are observed in the OH stretching region at 3118,
3330 and 3670 cm™. There is a very strong shift to higher wavenumbers upon thermal
treatment. The bands are observed at 3200, 3390 and 3680 cm™ at 300 °C. The intensity of
these bands decreases with temperature increase. It is apparent that the intensity of the high
wavenumber band remains even at 700 °C.  The IE spectra of the 10% Ga doped boehmite (Fig.
10b) are similar to that of the 5 % Ga doped boehmite. The IE spectra of the 20% Ga doped
boehmite are different in that the differentiation of the OH stretching bands is lost. The

characteristic OH deformation modes are also not observed for this nanostructure.
Infrared absorption spectra of boechmite show bands at 1080 and 1160 cm”. The infrared

emission spectra of synthetic at 200 °C show two bands centered at 1140 and 1057 cm™ for the

synthetic boehmite and at 1155 and 1064 cm™ for the natural boehmite. In the IES spectra at
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200 °C, two bands are observed at 1070 and 1150
cm'. This later band is weak in the IE spectra. These bands show a shift to lower

wavenumbers with increased temperature and the intensity of these bands is lost by 400 °C.

Prominent bands in the low wavenumber region of Gallium doped boehmite are observed at 740
and 835 cm™ for boehmite. These bands are attributed to hydroxyl deformation modes of the
boehmite lattice. The bands at 1320 and 1500 cm™ are attributed to surfactant impurities. These

bands are lost by ~600 °C.

Conclusions

The formation of boehmite nanofibres and nanotubes are favourable under low hydrothermal
temperature with minor percentage (<5%) of doped gallium in the presence of surfactant PEO.
Similar to iron and yttrium doped boehmites, high doped gallium percentage resulted in the
formation of large fraction of nanosheets and amorphous phase. Hydrothermal treatment
converted the initially formed bayerite phase during precipitation reaction to boehmite phase. A
linear relationship between added and actual gallium substituted in boehmite was observed,
however, no miscibility gap appears at high gallium doped percentage which is different from

that of iron and yttrium doped boehmite nanostructures.

After hydrothermal treatment, a large amount of micropores and mesopores presented in the
resultant gallium doped boehmite samples. Compared to pure boehmite nanostructure, gallium
doped boehmite nanostructure have remarkable larger BET specific area but much smaller BET
average pore diameter. The dramatically decline in BET specific surface area and remarkable
increase in pore volume after two days hydrothermal treatment demonstrate that the fast growth
of Ga doped boehmite nanotubes mainly occurred in the first two days hydrothermal duration.
There is little effect of dopant gallium on the pore volume and BET specific area at low doped

gallium percentage (<3%). The pore volume and BET specific surface area gradually decreased

with the increase in doped gallium percentage from 3 to 20%.

Similar as iron and yttrium doped boehmites, gallium doped boehmite nanomaterials have higher
the dehydration temperature of absorbed water and boehmite. Interestingly, gallium doped

boehmite nanotubes with better crystallinity tend to dehydration at higher temperatures.

Dehydroxylation of samples of Ga doped boehmite has also been studied by infrared emission
spectroscopy. Dehydroxylation of boehmite is followed by the decrease in intensity of the
hydroxyl stretching and hydroxyl deformation modes. Hydroxyl stretching frequencies are

observed at 3478, 3319 and 3129 cm™. The hydroxyl deformation modes are observed at 1140
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and 1057 cm™'. Dehydroxylation starts at 250 °C and is complete by 450 °C.  No difference was
found between the synthetic and natural boehmite dehydroxylation. The hydroxyl stretching
modes all show a strong blue shift and the hydroxyl deformation modes all show a pronounced

red shift. The hydroxyl translation modes show a blue shift to higher frequencies.
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Table 1 Decomposition stages under dynamic conditions for gallium doped boehmite nanostructures

Sample: Sample: Sample: Sample: Sample:
Boehmite 1% Ga doped Boehmite 3% Ga doped Boehmite 5% Ga doped Boehmite 10% Ga doped Boehmite 20% Ga doped
Mass loss Mass loss Mass loss Mass loss Mass loss
Temperature | (Sample mass: | Temperature | (Sample mass: | Temperature | (Sample mass: | Temperature | (Sample mass: | Temperature | (Sample mass:
range (°C) 195.89 mg) range (°C) 124.11 mg) range (°C) 127.55 mg) range (°C) 195.13 mg) range (°C) 183.77 mg)
mg % mg % mg % mg % mg %
28-173 6.6 34 30-81 12.7 10.2 29-179 12.5 9.8 27-192 20.3 10.4 27-196 26.0 14.1
173-334 14.1 7.2 18-269 6.0 4.8 179-274 9.3 7.3 196-288 18.8 10.2
192-368 26.6 13.6
334-399 8.2 4.2 274-344 5.6 4.4 288-420 26.7 7.6
269-542 18.3 14.7
399-556 21.7 1.1 344-519 11.7 9.2 368-537 13.9 7.1 420-547 4.2 23
556-921 2.5 1.3 542-895 1.6 1.3 519-800 1.7 1.3 537-873 2.2 1.1 547-864 1.9 1.0
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Table 2 Decomposition stages under CRTA conditions for gallium doped boehmite nanostructures.

Sample: Sample: Sample: Sample: Sample:
Boehmite 1% Ga doped Boehmite 3% Ga doped Boehmite 5% Ga doped Boehmite 10% Ga doped Boehmite 20% Ga doped
Mass loss Mass loss Mass loss Mass loss Mass loss
Temperature | (Sample mass: | Temperature | (Sample mass: | Temperature | (Sample mass: | Temperature | (Sample mass: | Temperature | (Sample mass:
range (°C) 274.23 mg) range (°C) 186.54 mg) range (°C) 194.69 mg) range (°C) 228.70 mg) range (°C) 215.65 mg)
mg % mg % mg % mg % mg %
21-147 9.1 33 21-144 17.0 9.1 22-130 15.9 8.2 21-135 19.2 8.4 20-149 28.2 13.1
147-244 15.8 5.8 130-307 24.5 12.6 135-305 313 13.7
149-361 37.8 17.5
244-334 15.6 5.7 144-593 39.5 21.2 307-482 19.0 9.8
305-564 21.8 9.5
334-525 31.2 11.4 482-670 23 1.2 361-525 8.3 3.8
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