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1 REVIEW OF THE LITERATURE

Introduction

Reasonable estimates indicate that the world population will be
around 10 billion in the middle of the 21 century. The growing needs of
humankind require new materials. In this context, the ready availability
of “tailored-to-use” materials appears to be the main issue that
determines the speed of progress. The development of innovative
systems requires extensive research to design, develop and produce
materials with increasing functionalities and lifetime expectancy as it is
declared in “A Vision of Materials Science in the Year 2020 [5].

One dimensional (1D) structures such as nanofibers and nanotubes
exhibit unique properties that make them potential building blocks for the
next generation nano-devices and emerging applications. Recent
advances in research on 1D objects indicate that nanofibers with a range
of predefined properties (such as size and shape, chemical composition
and crystalline structure) can offer an excellent paradigm to develop
novel functional device prototypes: catalyst support, chemical and bio-
sensors, membranes, and nanofillers for advanced composites. The key
step is a proper functionalization of the raw network of the fibers to meet
requirements for their further application in novel nano-devices being
beyond state-of-the-art.

Among other ceramic nanostructures, fibers have unique=
geometrical parameters such as a high aspect ratio combined with a large
surface area, which ensure wide usage of the fibers in different industrial
applications. These nanostructures are the ideal candidates for filtration,
catalysis and adsorption. Moreover, their large length to diameter and
small mass to volume ratios make them promising candidates for
reinforcing additives to composite materials.

Amongst the 1D nanomaterials, alumina nanofibers have drawn a
noteworthy attention due to alumina specific properties such as high
strength and stability at high temperatures (up to 1200 °C), low density
and thermal conductivity, good corrosion resistance and -electrical
insulation. Studies utilizing y-alumina nanofibers instead of traditional



particulate y-alumina are of tremendous interest for both fundamental
research and technological application.

However, to improve the targeted properties and/or to add new
functionalities to alumina nanofibers (ANF) network, the well-developed
process of functionalization is needed. Moreover, composite fibers may
display a higher complexity and a wider range of properties as compared
to non-functionalized materials. These characteristics are not only
derived from the simple addition of properties of parent constituents but
also result from their morphology and interfacial states.

To further develop 1D functional nanofibers, the y-alumina
nanofibers network recently developed and produced in Estonia was
functionalized by aluminium, zirconium, nickel, copper oxides. Metal
oxides were homogeneously deposited onto high self-aligned network of
alumina nanofibers in a single step by a novel strategy, where the
network of nanofibers serve as a mesoporous reactive-template. This
strategy involves combination of sol-gel, deep coating and combustion
synthesis methods. Urea and glycine as basic fuels and metal nitrate as
precursor of metals and oxidant were used. In the present study, a
template assisted sol-gel method was suggested as an alternative method
to fabricate composite nanofibers.

Alumina and alumina fibers

Aluminum oxide (Al203) exists in several polymorphs, such as
metastable y-, 6-, -, 0-, k- phases as well as thermodynamically stable a-
ALOs (Fig. 1.1). Boehmite or y-alumina forms through dehydration of
aluminum hydroxide when heated at elevated temperatures (~500 °C).
High temperature heating may lead to decrease of surface area of the
alumina because of phase transformations from y- to another forms (-
alumina then 0-alumina) which have much lower surface areas. Finally,
over 1100 °C the structure changes drastically resulting in formation of a
highly stable alpha phase [6].
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Figure 1.1 Thermal transformation sequence of the aluminum
hydroxides (adapted from Ref. [7]).

Among other transition aluminas, y-alumina is one of the most
important. The applicability of y-Al2O3 is traced to a unique combination
of its structural properties (e.g. pore size and distribution, high surface
area, specific acid/base features). However, the structural and chemical
instability is a critical point of y-alumin for even wider applications of y-
ALOs [8].

To understand the instability of y-Al2O3 phase, it is important to
understand the principal features of the y-Al2O3 microstructure that
represents a face centred cubic packing of oxygen atoms with AI**
cations which fill the octahedral and tetrahedral interstitial sites among
the oxygen atoms. y-Al2O3 has a defective spinel type structure. The
defected structure is caused by the presence of only trivalent Al cations
existing in spinel structure. In the case of ideal spinel magnesium atoms
exist instead of aluminum atoms, which have smaller atomic radius (Fig.
1.2 (a)) [9]. Thus, to satisfy the y-Al2O3 stoichiometry, some of the lattice
positions remain empty creating vacancies, although their precise
location is still controversial. Due to the formed vacancies the y-alumina
containing AI** vacancy defect sites possess unique structural and phase
[10].

The heat treatment of y-alumina leads to the formation of other
transition aluminas, which possess lower porosity and surface areas
compared with y- phase. However, transition aluminas are applied
widely in different areas. They can be used as membranes, catalyst
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supports and filters, fillers in composite materials with enhanced
mechanical properties, etc. The conventional alumina is usually powder
of particulates [9]. Recently, interest in preparation of 1D structures by
different method spurred a fury investigation (Fig.1.2 (b-e)). Mostly
because it is believed that such kind of structures possess new set of
properties, such as enhanced sinterability, strength, catalytic activity,
absorption ability, etc.

100 nm
J——

Figure 1.2 (a) The crystal structure of MgAl2O4. The Mg
atoms sit within the yellow tetrahedral and the Al atoms sit within the
blue octahedra. (Generated by VESTA (Visualisation for Electronic
and Structural analysis) software); SEM images of alumina
nanofibers obtained by different methods, (b) electrospinning [1], (c)
sol-gel [2], (d) hydrothermal [3], (e) mercury-mediated method [4].

There are a lot of reports that demonstrate the textural properties of
alumina nanofibers are different to that of conventional alumina [9, 11].
For instance, the alumina nanofibers have higher thermal stability caused
by lower contact area of primary fibers [12, 13]. Another important
parameter of nanomaterials is surface area, which is much larger
compared to larger particles due to the small diameter of fibers and the
increased number of fibers per unit volume. Thus, nanofibers possess
different unique properties compared to the microscale fibers made of the
same material [14]. Nanodimentianality has a potential to the efficiency
of catalysts. In this sector super high aspect ratio nanofibres are also very
favorable since it is possible to easily form entangled structures of such
fibers by using techniques similar to conventional fiber processing [11].
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Alumina nanofibers

Recently y-alumina nanofibers with enormous specific surface area
combined with nanoscale fiber diameter, highly aligned and high purity
in crystal structure were developed in Estonia. Combination of such
unique propertied of y-alumina makes the nanofibers excellent candidates
for different applications (Fig. 1.3).

Compared to microscale reinforcement fibers, the weight fraction
of nanofibers is considerably lower. This is especially important in
transportation applications (e.g. ceramic brakes, bearings and other
components).
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Figure 1.3 Areas of application of alumina nanofibers and
functionalized alumina.
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Super high aspect ratio nanofibres are favourable also if
considering health and safety risks. Compared to typical nanotubes and
other nanoparticles high aspect ratio nanofibres form larger agglomerates
so that the danger of inhalation or skin penetration, for example, is
considerably smaller than in the case of conventional nanosize particles.

Due to the purity in crystal structure, the developed alumina
nanofibers possess superior tensilte strength close to the theoretical value
of inter-atomic bond strength [15]. Such properties make the fibers very
attractive reinforcement material in all sorts of composite materials, but
especially in ceramic and metal matrix composites where polymer fibres
cannot be used due to high processing temperatures that polymers cannot
withstand.

Incorporation of alumina nanofibers in ceramic matrices as the
reinforcement is a relatively new field. It was reported [16] that
reinforcing alumina toughened zirconia by alumina nanofibers noticeably
improved the hardness of the composite. The composite of Al2O3
containing ZrO2 nanofibers had toughness values 3 times higher and
strength values 2 times higher than conventional alumina [17, 18].
Reinforcing alumina matrix with alumina nanofibers enhanced strength
and toughness of the composite via crack deflection, crack bridging and
stress induced toughening [19].

As it has been already proven, the nanofibers enable to enhance
mechanical properties of ceramic composites better than traditional
nanoparticles, as well as they can serve as templates to produce
functional nanofibers (nanofillers).

However, amongst the mentioned advantages, nanofibers have a
drawback: low dispersiblity, which is a challenge to be overcome to
facilitate the application of nanofibers as fillers. The low dispersibility of
one dimensional nanostructures in substrate may limit the enhancement
of the mechanical properties. Moreover, at high loading , the fibers tend
to agglomerate and even lower the mechanical properties [9]. Many
methods are adopted to facilitate good dispersion in the substrate [20].
One of the attempts to improve the miscibility of the fibers in the host
matrix and improve interphase interaction between them is their
functionalization. In future development of alumina nanocomposites, it is
of great interest to promote dispersion or/and bonding alumina nanofibers
and the matrix by adding dopants.
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Moreover, to enhance performance to a great extent nanofibers
must possess to generally required, high physicochemical (stability at
high temperatures, wear resistance, etc.) properties. For many
applications, the alumina nanofibers should be further functionalized in
order to improve their mechanical properties and chemical stability for
processing of specific functional material.

The effect of dopants and/or nano-layer coatings on the properties
of nanostructured aluminas was studied by many research groups, for
example, the thermal stability of nanomaterials can be dramatically
increased by doping metal ions or metal oxides in to the structure [6, 10,
21, 22]. It was reported that the higher thermal stability was achieved by
addition of silica, which sidelines the phase conversion from y to 6 and a-
alumina under the high temperature calcination [23]. The significant
improvements in mechanical and electrical properties adding small
amount of graphene coated alumina nanofibers in alumina matrix have
been reported in [24, 25]. An increase in electro-conductivity of 13
orders of magnitude as compared to the monolithic alumina is achieved
at as low load of the nanofillers as 3 wt.%. Moreover, an increase in
hardness of the composites with <10 wt.% nanofillers was approximately
20% while an improvement in an indentation fracture toughness was
40% for the composites containing 5 wt.% graphene covered nanofibers.

Alumina is one of the most widely used catalyst supports for
commercial catalytic applications. In fact, in many cases alumina is
shown to have catalytic activity of its own and will, therefore, often
enhance the activity of the catalyst [26]. Fibrous, highly aligned structure
of alumina enhances the efficiency of catalyst. Alumina nanofibers are
also important precursors for building structures catalysts. It was reported
that coating microsilica fibers by alumina nanofibers improves the soot-
capturing capacity of diesel catalytic converters [27].

Apart with the advantages of y-alumina as catalyst support, there is
an important drawback: the fibers are not structurally stable at a high
temperature. Many researchers suggested to use alumina based spinel as
a catalyst support due to its high thermal stability [28]. For instance,
NiAl2O4 possesses various advanced properties, such as resistance to
high temperatures and acidic or basic environments, providing chemical
and physical stability for the catalyst [29]. In addition, the reforming
activity of these reduced NiAlOs catalysts is typically superior in
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comparison with other structurally similar phases such as CuAl2Os,
NiFe204 or NiMn204 [30, 31].

Besides the application in catalyst and advanced composites, the
ANF can also be used to fabricate ceramic membranes. Ke et al. [32]
coated alumina and titanate nanofibers onto a porous ceramic substrate in
order to fabricate a new kind of high-performance ceramic membrane. In
this arrangement, the layer of randomly oriented alumina nanofibers acts
as the separation layer. When compared with traditional ceramic
membranes fabricated using the aggregated nanoparticles as the
separation layer, the new membrane supported a high flux while still
maintaining good selectivity. The performance of the membrane was
tested by filtering 60 nm latex spheres with the proposed application
being to separate the pathogens, such as the common cold virus, from the
human blood. Following this work Ke et al. proposed membrane for
separation of bio-species in an industrial scale.

Recently, a new filter composed by coating a layer of alumina
nanofiber on a microglass fiber backbone was developed to remove
microbioilogical agents in aqueous environments. It is claimed that the
novel alumina nanofibers filter exhibited potential for removal and
retention of viral aerosols [11].

In this study, the functionalization of alumina nanofibers (ANF) are
considered in three main application areas, i.e. additives in functional
composites, catalysts and membranes; however, their performance in
these specific areas remains beyond a scope of the work.

Methods and procedures for functionalization

Numerous recent efforts have been directed toward the fabrication
of alumina and functionalized alumina 1D nanostructures to enhance
their performance in currently existing applications and to open new
prospective areas of applications. Many reports are devoted to the
preparation of alumina nanostructures possessing well-defind
dimensionalities such as nanoparticles, nanorods, nanowires, nanotubes,
nanorings, nanobelts, etc., by variety of methods, such as sol-gel [2, 33,
34], electrospinning [35, 36], hydrothermal [37-39], flame aerosol
method [40, 41], laser spinning [42], mercury mediated method [4], etc.
The most typical methods like hydrothermal and sol-gel process include
a hydrolysis of the starting aluminium compound and an aging of the sol
over 24 h. Then the calcination process follows at elevated temperatures
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typically ranging from 500 °C to 1200 °C for several hours. Thermal
treating is not just time and energy consuming, but also risky of sintering
nanostructures reshaping and decreasing the surface area. However, the
shape and size of the components may strongly influence the properties
of composite materials. In some cases, the shape—dependent effect of the
components can be versatility used to perform a superior properties [43,
44]. Essentially, the shape can determine the specific crystal faces
exposed on the surface of nanocrystals, and the number of atoms located
at the corners and edges, as well as defects that are intrinsically more
active for a structure-sensitive reaction.

Moreover, the properties of the composite nanostructures are
crucially dependent on the interaction, i.e. wettability, between the
components. Dispersion of the components in composites can be
controlled by controlling their wettability. Thus, improving the
wettability may result in homogeneous dispersion of the components.
Usually the wettability of the components can be improved adding
different metal oxides. For instance, it was shown [45] that addition of
small amount of CeO2 can improve the wettability of alumina-iron oxide
surface. Moreover, cerium oxide is known to improve active sites
dispersion and decrease the phase transition from active y-Al203 to low
surface a-Al203 [46].

Thus, functionalization of nanofibers by highly dispersed particles
uniformly distributed over the fibrous supports is of high scientific and
technological interest and plays a crucial role in many industrially
important applications.

Recently, the well-defined nanostructures of alumina based
composites with different dimensionalities have been obtained by a
variety of solution chemistry routes [47, 48] and chemical vapor
deposition techniques [24]. For example, Ivanov et al. covered alumina
nanofibers by graphene layers by catalyst-free one-step chemical vapour
deposition (CVD) process. The carbon nanotube/alumina nanocomposite
with enhanced hardness and fracture toughness was successfully
fabricated as well as by sol-gel process [49].

The solution chemistry routes allows to obtain materials with
different morphologies by simply changing the initial parameters, such as
composition of solution, temperature, heating way, etc. For instance,
preparation of silica-modified-alumina with high surface area using
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different sol-gel method was reported in [48]. Shutilov et al. [47] used an
impregnation method to make a stable silica-doped alumina. Frost et al.
[50] synthesized chromium doped boehmite nanofibers by modifying the
so-called steam assisted wet-conversion process. However, the wet-
chemical methods usually include long-lasting calcination step that may
result in undesired sintering of the nanostructures.

Feng et al. [51, 52] recently developed a novel sol-flame method to
synthesize hybrid structure of nanoparticle-decorated nanofibers. The
sol-flame method combines the merits of sol-gel, dip coating and flame
spray pyrolysis. Due to the short duration (few seconds) of high
treatment flame treatment, the deposited nanoparticles were small and
less aggregated.

Another possibility to escape from long-lasting calcination step, is
combustion synthesis which provides high flash temperature at short
time. The high temperature provides the decomposition of the precursors.
However, the short duration of the process prevents surface diffusion of
metal species and, therefore, their agglomeration and sintering.

Combustion synthesis is a suitable method for fabrication of
different materials, such as oxides, carbides, nitrides, etc. Due to its short
duration, simplicity and cost-effectiveness, combustion synthesis is
widely used for the preparation of various nanostructured composites
[53-55].

1.1.1 Wet-combustion deposition synthesis

Solution combustion is an attractive method for the synthesis of
ceramics, intermetallics, composites, and functionally graded materials,
which requires precise phase composition and high specific surface area
[56]. Recently, different modes of combustion synthesis were developed
to deposit/impregnate various compounds in nanostructural matrix.
Varma and Mukasyan suggested to combine solution combustion
synthesis with impregnation techniques to synthesize oxide based
supported catalysts with a very high surface area (>200 m*/g) [55, 57].

Aruna et al. incorporated SCS nanosized powders such as zirconia,
alumina, ceria, yttria doped ceria, alumina—zirconia etc., into the metal
(e.g. Ni) matrix during electrodeposition for the first time[58]. Colussi et
al. prepared Pd- and Pt-based catalysts supported on CeO2 and Al2O3 by
traditional incipient wetness impregnation and solution combustion
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synthesis. They found out that combustion synthesized Pd-based
materials are much more active than the corresponding impregnated ones
for propane and DME combustion [59].

4 N

Nanofiber

<mpregnation

Single wetted
nanofiber

*N“"nn
Soaking solution
due to capillary

Combustion
synthesis

e

Figure 1.5 Schematic steps of the wet-combustion synthesis-
deposition method to synthesize different composite nanofibers with
corresponding SEM images.

In this work, a novel method was developed to fabricate various
composite nanofibers in a controllable combustion mode in one step.
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This method is a combination of sol-gel, dip coating and combustion
synthesis and is schematically illustrated together with corresponding
SEM images in Fig. 1.5.

Reactive solution containing metal nitrates as a precursor of desired
metal and oxidizer, and an organic fuel were dropped to the bundle of
nanofibers. Due to the nanoscale distance between the fibers, and
therefore, high capillary forces, the reactive solution uniformly covers the
entire surface of the nanofibers by dip coating in few minutes. After
heating (400 °C) in air, the wetted bundle self-ignites and burns. The
combustion process itself last few seconds. Huge amount of gazes
eliminating during the combustion process facilitates the fast cooling of
the sample. Thus, the high temperature generated during the combustion
process, short annealing time, and high cooling rate lead to a high
nucleation rate and suppress grain growth; therefore, nanosized particles
deposition is provided. Depending on the condition of combustion
process and choices of materials (fuel type, salt of metal, nanofiber
composition), different composite nanofibers can be obtained (Fig. 1.5).

1.1.2 Template assisted sol-gel deposition

Wet chemical deposition has been widely used for development of
different nanostructures. In general, the sol-gel process is associated with
a gel composed of sol particles. At first, colloidal suspension of desired
particles (colloidal powders, alkoxide precursors, or nitrate precursors) is
prepared from a solution of precursor molecules. Later, a template is
immersed into the sol suspension, so that the sol aggregates on the
template surface. In the case of mesoporous template, the sol is self-
injected into the pores due to capillary forces. With an appropriate
deposition time, the sol particles can fill the channels and form structures
with a high aspect ratio. The schematic steps of this method is illustrated
in Fig. 1.6. This technique offers some advantages of controlling the
composition and nanostructure of the particles, an asset for eventual
technological applications [60-63].

20



templatﬂ @.—ucﬁm soluton
- jm—

g,
1. Impregnation 2. Drying 4. Synthesis and
Sintering process

-~

3. Heat treatment
in Air 1 »
9 2 3 4

Figure 1.6 The schematic steps of sol-gel deposition method.
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Objectives of the study

This research is motivated by the fact that in many cases the
development of top-end products has limits set by the limited capabilities
of currently existing materials. New horizons of products performance
are directly connected with an intense need for innovative materials and
processing routes to perform multiple functions. The overall objective for
the research work is functionalization, optimization and production of
nanofibers of alumina-based composites being beyond reach with
conventional incremental materials development.

The main objective of this work is to produce one-dimensional
fibrous structures for their further application as nanofillers in functional
composites, catalysts support substrates and membranes via
functionalization of the recently developed y-alumina nanofibers by wet
— combustion synthesis and sol-gel methods. It should be particularly
emphasized that the material solution relays on designed Estonian unique
product (inorganic nanofibers with ultra-high aspect ratio), which is
complemented by functionalization of these materials. Therefore, the
main activities of the work are:

1. Structural and thermal characterization of as-recieved alumina
nanofibers.

2. Development of the novel method for functionalization of
mesoporous nanostructures.

3. Functionalization of the alumina nanofibers of specified
composition.

4. Optimization of the process parameters for controlling the
morphology and composition of the final materials.

The sequence of the technological problems that should be solved
during this work realization can be described as following:

— to investigate the thermal behavior of the precursor y-alumina and
its possible phase transformation during the heat treatment;

— to develop a strategy for homogeneous deposition of metal oxide
onto alumina nanofibers keeping highly aligned structure of the network;

— to study the influence of process parameters (deposition method,
fuel type, fuel-to oxidizer ratio, etc.) on the process pathway;
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— to study the influence of the condition of the process on the
chemical composition and morphology of the final product;

— to achieve a precise control over chemical composition, size and
morphology of the doped material and its morphology.

The main part of this research is devoted to (i) development of the
procedure for nanofibers network functionalization, and (ii)
comprehensive characterization of the functionalized composite
nanofibers.

Two main strategies, i.e. wet — combustion synthesis and sol-gel
deposition, have been chosen for consideration because of their relative
simplicity and possibility of scale-up for practical application.
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2 EXPERIMENTAL AND MATERIALS

Precursor materials and designed systems

Recently developed self-aligned gamma-alumina nanofibers
network (Fig. 2.1) with single-fiber diameter of 7£2 nm and high aspect
ratio was functionalized by four different metals oxides: zirconium,
aluminium, nickel and copper by the wet-combustion synthesis and the
template assisted sol-gel deposition techniques.

Figure 2.1 y-alumina nanofibers network recently developed and
produced in Estonia.

Nitrates of the abovementioned metals were used as oxidizers

while two different organic compounds, i.e. glycine and urea, as fuels.
The raw materials used are listed in Table 2.1 along with the description.
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Table 2.1 Components for composites fibers processing

Compound Purity, % Supplier
AI(NO3)3*9H20 >95 Merck
ZrO(NO3)2*xH20 >99 Sigma-Aldrich
Ni(NO3)2*6H20 >98.5 Sigma-Aldrich
Cu(NO3)2*3H20 >98 Sigma-Aldrich
Glycine >99 Sigma

Urea >99 Merck

Citric acid >99.5 Sigma-Aldrich

Four basic systems were designed in this work:

System of zirconia - alumina nanofibers

Zirconia is an important ceramic material, which exhibits enhanced
corrosion, oxidation and abrasion resistance combined with relatively
high fracture toughness and hardness[11]. ZrO2 is also attractive as a
catalyst and catalyst support [64]. Thus, fabrication of a novel ZrO»-
ALOs fibrous systems with controllable morphology and enhanced
structural stability can exhibit a great potential for their commercial
applications.

System of alumina - alumina nanofibers

Different polymorphs of alumina has different properties:
v-alumina has a high surface area, while losses its surface when heated.
a-alumina is the only polymorph, which is stable above 1200 °C.
Cooperation of different polymorphs of alumina may results in
exceptional properties. For instance, a-alumina/y-alumina nanocomposite
is believed to have a high specific surface and a high thermal structural
stability.

Systems of nickel oxide — alumina nanofibers

Nickel aluminate spinel has received attention as a catalyst solid
support due to its stability, strong resistance to acids and alkalis, and high
melting point [30, 31]. Several authors pointed out that the NiAl2Oa
spinel can be a promising precursor to develop suitable catalysts for
hydrocarbons reforming [42, 65, 66].

System of copper oxide - alumina nanofibers

Copper oxide is a material of primary importance for
heterogeneous catalysis and, therefore, attracts considerable research
attention [67, 68]. Copper oxide and supported copper oxides are known
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to be highly active for CO oxidation [69], catalytic incineration of
organic compounds [70], etc. Preparation of the highly dispersed metal
nanoparticles that uniformly cover oxide supports plays a crucial role in
many industrially important catalytic applications. For instance,
Acharyya et al. [71] demonstrated that Cu(Il) oxide nanoparticles
supported on CuCr204 spinel displayed excellent catalytic performance
in the sustainable hydroxylation of benzene due to the morphology
controlled ultra-small Cu(I)—spinel interaction, which has a great
influence on the benzene hydroxylation reaction. Mo et al. reported that
due to the high proportion of defect sites and highly dispersed Cu
particles, Cu/SiO2 exhibited good activities for water—gas shift reaction
[49].

Functionalization of alumina nanofibers

Process of functionalization of alumina nanofiber network was
carried out by two methods: combustion deposition and chemical vapor
deposition as sketched in Fig. 2.2.

In both cases, an aqueous reactive solution was prepared to contain
a metal precursor. To study an influence of the fuels on product
composition and morphology, different fuels were added into the reactive
solution. The prepared solutions were dropped onto the bundles of ANFs.
After aging at an appropriate temperature and the specimens were placed
into a furnace preheated to 400 °C for 30 minutes.

Characterization of raw materials and final products

2.1.1 Phase analysis and microstructure examination

In this study, scanning electron microscopy (SEM Zeiss EVO MA
15, Germany) equipped with EDS with voltage of up to 20 kV and
magnifications up to 50 kX was used for examination of the precursor
materials and the functionalized final product. The samples were studied
under different regimes, including secondary and backscattered electrons
modes. The samples were coated with gold before examination.

Additionally, field emission scanning electron microscopy
(FESEM S-4700, Hitachi, Japan) was used to characterize the
microstructure of the product, which was beforehead coated with silver.
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Figure 2.2 Schematic diagram of typical process of functionali-
zation of alumina nanofibers

The morphology of the materials under investigation were
evaluated using a JEOL 2100F transmission electron microscope
(HRTEM) operating at 200KV and equipped with a field emission
electron gun providing a point resolution of 0.19 nm. The microscope
was coupled with an EDXS energy dispersive X-ray spectrometer (INCA
x-sight, Oxford Instruments) for chemical elemental analysis.

The phase compositions of the powders mixtures and bulk samples
were analyzed with the help of two X-ray diffractometers (XRDs):
Philips PW3830 X-ray Generator, 4 kW, Cu-Anode and Siemens Bruker
D5005 analyzer with CuKa —radiation. Samples were irradiated with
CuKoa radiation at 40 kV and 30 mA, in a 6 — 20 scan with a step size of
0.02° and a count time of 0.4 s.
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2.1.2 In situ thermal and pyrometric analyses

The temperature-time history of the synthesis process is recorded
by highly accurate MPAC IGAR 12-LO Digital 2-color pyrometers with
fibre optic and a response time of 2ms. The pyrometer measures in the 2-
color principle (ratio principle) in which two adjacent wavelength are
used to calculate the temperature in the range from 300 up to 2200 °C.

Differential scanning calorimetry (DSC) monitors heat effects
associated with phase transitions and chemical reactions as a function of
temperature. The kinetics of the processes were studied with
simultaneous coupled thermal analysis (TG-DSC-FTIR) with STA449C
“Jupiter” (Netzsch Gerdtebau GmbH) and “Tensor-27” Fourier transform
infrared spectroscopy FTIR spectrometer (Bruker Optics). Experiments
were performed in synthetic dry air (21% Oq, balance nitrogen; Linde
AGA) flow of 20 ml/min with heating and cooling rates of 10 °C/min and
maximal temperature of 1480 °C. Alumina crucibles were used without a
lid and an empty crucible was used as a DSC reference. Evolved gas
analysis was performed by FTIR with automatic CO: bands
compensation in transmission mode on a gas flow taken off the furnace
via heated (300 °C) and shielded capillary. Data collection and analysis
were made using Proteus 6.1 (Netzsch Gerdtebau GmbH) and OPUS 5.5
(Bruker Optics) software with a proprietary spectral database.

DSC analysis was used to study the thermal stability of the
specimens. Meanwhile, to study the phase and microstructural changes
occurred during the thermal treatment, the samples were heated and then
quenched.
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3 RESULTS AND DISCUSSION

Thermal analysis of the alumina nanofibers

Nanofibers possess unique properties as compared to the
microscale fibers made of the same material. Properties of a product,
even with a well-defined composition, are highly dependent on its
crystalline structure, morphology, and microstructure of the polymorph.
The investigations on the thermal treatment of alumina demonstrate that
the thermal behavior strongly depends on phase composition and
morphological parameters of the precursor material [Paper I]. In this
work the thermal behavior of novel alumina was studied with
simultaneous coupled thermal analysis (TG-DSC-FTIR). The
investigation was carried out under synthetic dry air flow of 20 ml/min
with heating rate of 10 °C/min and maximal temperature of 1480 °C.

The results of thermal analysis are displayed in Fig. 3.1. The total
mass loss for the specimen during the whole scan is about 6 wt.% which
has a clearly separated stage for mass loss over 1200 °C. Eventually all
mass losses are corresponding to water release, as no other gases were
observed by FTIR (Fig.3.1(e)). There are endothermic effects at the
beginning of heating which is explained by the evaporation of chemically
and physically adsorbed water (Fig.3.1(c)). It might be assumed that
unsaturated AI’* linked to three oxygen atoms might lead to water
dissociation. The cation AI*" then binds to hydroxyl OH", and protons
from hydrogen bonds localized on the neighboring Al-O-Al bridge. Both
terminal OH™ groups and bridging groups forms (Fig.3.1(e)) can be
suggested. An exothermal effect detected in the range 1200—1400 °C is
slightly associated with release of additional water (~0.61%). It is
expected to be transformed into more stable a-Al2O3 over 1150 °C
(Fig.3.1(d)). This transformation is accompanied with exothermic effect.
The small release of water might be associated with this phase
transformation, which release possible water traps inside the fibers and
allows it to escape with gas [Paper I]. The terminal OH-groups are
preferentially linked to tetrahedral Al and bridging groups are linking
tetrahedral and octahedral AI** positions. This might explain thermal
effects as the brutto-composition could be written in a form typical for y-
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based aluminas Al203-xH20 (x < 0.6) [Paper 1]. Such hypothesis needs
additional studies to be confirmed.

The XRD pattern did not reveal differences in spectra below
1200 °C, expect some variations in intensities of a-Al2O03 (Fig.3.1(b). At
the highest temperature, however, most of the phase is already converted
into alpha-alumina with sharp peaks, indicating good crystalline degree.

2 Theta,*

Figure 3.1 SEM images of (a) alumina nanofibers, (b) alumina
nanofibers after heat treatment at 1480 °C for 2 hours, (c) thermal
analysis of alumina nanofibers, (b) FTIR spectra of the gases evolution,
(c) XRD patterns made for different heat treatment temperatures.
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The microstructural analyses showed that the fibers morphology
changed drastically after heat treating them at 1200 °C for 2 hours
(Fig.3.1(a-b)).

System of zirconia-alumina nanofibers

In this work, a template assisted sol-gel deposition method has
been used to fabricate ZrO2-Al2O3 one-dimensional core-shell structured
nanocomposite fibers. Alumina nanofibers have been dispersed in a
distilled water by stick ultrasound, then zirconium (IV) oxynitrate has
been added into the suspension. The obtained slurry has been dried at 95
°C and heat treated at 600 °C for decomposition of the nitrate. Figure 3.2
shows HRTEM images of ANF covered with 10 vol.% of zirconia.
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Figure 3.2 HRTEM and EDXS analysis of ANF-10 vol.% ZrO:
nanocomposite with increased magnifications from (a) to (b) [Paper I11].

XRD and EDXS analyses indicate that ANF substrate has a thin
ZrOz coating with a low degree of crystallinity. Notably, no free exposed
surface of alumina appears in the TEM visualization suggesting that there
exists a strong interaction between the ZrO: coating and the core
alumina.

Thus, the template assisted sol-gel deposition can be considered as
a suitable method to fabricate 1D zirconia-alumina nanocomposite with
core-shell structure wusing alumina nanofibers as templates. The
decomposition mechanism of zirconium oxynitrate are proposed. An
optimal heating way of preparation the mentioned nanocomposite by sol-
gel method is described in [Paper II].
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System of alumina - alumina nanofibers

In this chapter, deposition of a homogenous a- and y-alumina thin
film onto the surface of ANF is studied. For this purpose, the wet-
combustion and template assisted sol-gel deposition techniques were
used to deposit correspondingly a- and y-alumina [Paper II, I1I].

3.1.1 Wet-combustion deposition method

Aluminum nitrate aqueous solution containing stoichiometric
amount of urea was prepared and dropped onto ANFs followed by baking
as it was described in 2.2 (Fig. 2.2).

_jo—Alumina o

07— Alumina (b)

Intensity (a.u.)
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; 1 20
Figure 3.3 Characterization of combustion product: (a) FESEM

micrograph, (b) X-ray diffraction pattern of as synthesized alumina/ANF

sample.

XRD diffraction pattern of the obtained combustion product is
depicted in Fig. 3.3(b). Two polymorphs of alumina, including a-Al2O3
and y-Al20s, are clearly recognized. To prove this hypothesis the original
fibers have been tested under the similar combustion condition. The
comparison of XRDs indicates a higher degree of crystallinity of the
heat-treated sample, while no phase transformation of the y-ANFs is
detected [Paper III]. Therefore, no phase transformation of y-Al2O3 takes
place caused by solution combustion synthesis. Thus, the detected o-
phase in the combustion product relates to the covering layer, leading to
core-shell structure of y-alumina — a-alumina composite nanofibers [59].

Microstructural analysis shows that a-alumina is deposited onto
ANF homogeneously and continuously (Fig. 3.3(a)). It is remarkable that
as obtained nanostructured composites has 1D structure. However, the
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diameter of the fibers seems to be increased. For more details, see [Paper
I1].

3.1.2 Template assisted sol-gel method

Template assisted sol-gel deposition method have been used to
fabricate alumina-alumina 1D nanocomposite with a core-shell structure.
Alumina nanofibers have been dispersed in distilled water by stick
ultrasound. Aluminium nitrate has been added into the obtained
suspension. The obtained slurry has been dried at 95 °C and heat treated
at 600 °C for decomposition of the nitrate.

The microstructure and chemical elemental analysis was studied by
FESEM, HRTEM and EDXS correspondingly. According to HRTEM
examination (Fig. 3.4(a)), ANF covered with AI203 consist two zones.
FESEM examination proves that the fibers are covered homogeneously
(Fig. 3.4(b)). The obtained nanostructured fibers have 1D structure,
however, the length of the newly obtained nanocomposite nanofibers are
shorter than the initial ANFs.

Figure 3.4 Fabricated Al203-ANF nanocomposite nanofibers. (a)
HRTEM, (b) FESEM image.

Two preparation methods, namely wet-combustion synthesis and
sol-gel deposition were used to synthesize alumina-alumina composite
nanofiber. Comprehensive physicochemical characterization showed that
a-alumina-y-alumna composite with core-shell structure formed when
wet-combustion synthesis was applied, while y-alumina-y-alumna
composite nanofibers form when sol-gel synthesis method is applied.
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System of nickel oxide-alumina nanofibers

Since the chemical and hydrothermal instability of y-Al2Os3 are still
critical problem for catalytic applications in various chemical processes.
Suitable support should be resistant to the high temperature, be able to
maintain catalyst high dispersion, have good mechanical properties, high
specific surface area, low reactivity, etc.

In this work 1D NiO-NiAl2Os4 composite nanofibers were
fabricated by combustion synthesis using network of the alumina
nanofibers, described in chapter 3.1., nickel aluminate as precursors and
different fuels (glycine, urea citric acid).

To prepare the reactive solution 5.7 g of nickel (II) nitrate
hexahydrate [Ni(NO3)2*6H20] as a source of nickel and stoichiometric
amount of fuels (1.6 g of glycine, 0.64 g of urea and 2.09 g of citric acid)
were dissolved in 15 ml of deionized water. The further proceedings was
described in 2.2 (Fig. 2.2).

To study influence of the fuels on the product composition and thus
to better understand the combustion process mechanism to make it more
controllable, the alumina nanofibers wetted by fuel-free solution of
nickel nitrate, which was heated at the similar condition as others. The
XRD pattern of the as synthesised product is presented in Fig.3.5 (e).

The peaks related to NiO along with traces of NiAl2O4 are detected.
This composition is quite close to the composition of nickel nitrate —
glycine — ANF system (Fig.3.5(d)) (see in Paper IV). It should be noted
that due to large difference in the atomic scattering factors of Al and Ni,
the lines of y-Al203 are not identified. When urea is used as a fuel, only
peak of NiO is detected in the XRD pattern (Fig.3.5(e-blue line)). While
using citric acid, mainly nickel aluminate spinel with traces of nickel
oxide is obtained (Fig.3.5(e-yellow line). This is supposed to be caused
by more or less chelating character of the urea and citric acid
correspondingly. However, more detailed investigation is needed to
described the reason of such difference in product composition and
describe the mechanism of the process.

The SEM images of the fabricated nanocomposites are
demonstrates in Fig. 3.5(a-c). Homogenous composite nanofibers form
when glycine is used (Fig. 3.5(a)). When citric acid is used, the as
obtained nanocomposite consists of particles with less than 200 nm
diameter along with nanofibers (Fig. 3.5(b)). The combustion product
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obtained from nickel nitrate — citric acid — ANF system, consists of
nanosheets with regular shape distributed on well aligned nanofibers
(Fig. 3.5(c)). For the first time in the literature, NiO/NiAl204/Al203
nanofibers in diameter of <50 nm and high aspect ratio were produced
using a novel single-step approach, while simultaneously avoiding
additional calcination procedures. It was shown that utilizing different
fuels it is possible to control product composition.

More details about the microstructures and thermal stability of the
obtained production can be find in Paper I'V.

0-Ni0

Intensity (a.u.)

Intensity (a.u.)

Figure 3.5 SEM images of the combustion products of (a) nickel
nitrate — glycine —ANF, (b) nickel nitrate — citric acid —ANF, (c) nickel
nitrate — urea —ANF systems, and XRD patterns of the combustion product
of (d) nickel nitrate - glycine - ANF; (e) nickel nitrate —ANF (yellow line),
nickel nitrate — urea —ANF (blue line) and nickel nitrate — citric acid —
ANF (red line) systems.
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System of copper oxide - alumina nanofibers

Many research efforts are related to synthesize the copper oxide
powder by the solution combustion method [72-74]. In the present study,
the wet-combustion synthesis deposition technique was used to deposit
copper oxide nanoparticles onto the support of self-aligned network of
alumina nanofibers. To obtain continuously and uniformly deposited
nanoparticles on the support with the shape of nanofibers, aqueous
solutions of 7g of copper nitrate and different amount of urea or glycine
as the fuels are dropped onto 2g of alumina nanofibers (ANF) block and
heated in a muffle furnace preheated to 400 °C for 30 min. Fig.3.6
specifies the composition of the initial solution prepared to drop onto
ANF.

¢=0.5 $=0.75 ¢=0.85 =1 P=1.5 ¢=2  ¢$=3
m=1.2g m=1.8g m=22g m=2.4g m=3.64 m—4 89 m=10.99
P i glyine :

Fuel-to-oxidizer ratio (

. urea
$=0.75 ¢$=0.85 =1 ¢=15
m=1.6g m=1.7g m=3.5g m=3.2g

Figure 3.6 The amount of fuel added in reactive solution.

The mechanism of this combustion impregnation process as well as
the influence of the fuel type and amount on the composition and
morphology of the combustion product is thoroughly studied. More
details can be found in [Paper V].

The DTA-TGA results of the copper nitrate —fuel stoichiometric
mixture on ANF are shown in Fig.3.7. The stoichiometric (¢ = 1)
combustion reaction of both glycine and urea systems are represented by
the following equations ((1) and (2)):

(1)  Cu(NO3): + —¢CH2NH2COOH + 7(¢ )02 = CuO +%¢

CO» +—¢H0+

5¢+9 No
9

2)  Cu(NO3)> + 2¢ CO(NH:): +%(¢—1) 02=CuO + 24 CO»+ 44
H:0 + (142 )N
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where ¢ is fuel-to-oxidizer ratio (¢ = 1 implies that all oxygen required
for complete combustion of a fuel derives from the oxidizer; while ¢>1
(<1) implies fuel-rich (or lean) conditions).
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Figure 3.7 In-situ study of combustion process: TG-DTA results
for (a) copper nitrate — glycine - ANF (¢gn=1) system, (b) copper
nitrate — urea —ANF (pu=1) system, and (c) temperature-time history of
the combustion in stoichiometric (p=1) iron nitrate - glycine - ANF
system with (curve 1) and iron nitrate - urea - ANF (curve 2).

Figure 3.7(a) demonstrates the DTA-TGA response of a cupper
nitrate—glycine stoichiometric (¢ = 1) precursor soaked in ANF. The
glycine fuel batch shows low weight loss of 11 wt.% up to 180 °C that is
accompanied by a slight endothermic effect. This weight loss is very
likely due to dehydration of copper nitrate hydrate. Subsequently, a slight
exothermal peak at 187 °C is due to the ignition of the combustion
process. This stage is followed by a dramatic mass loss (77 wt.% of
initial value) and a pronounced change in the base line at 196 °C due to
release of the gases. These temperature intervals are well corresponding
to the region of precursor’s decompositions and the mixtures self-ignition
temperature (Tig) as discussed by Kumar et al [72].

The DTA-TGA curves for the stoichiometric reactive mixture of
copper nitrate-urea obtained under the same condition as for the previous
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system are presented in Fig. 3.7b. The first stage of mass loss takes place
at a temperature range from 80 °C up to 170 °C with the endothermic
effect. In this stage the endothermic effect is associated with
decomposition of copper nitrate hydrate, hydrate water emission [72] and
decomposition of urea [75]. The second stage of mass loss is recorded at
~200 °C accompanying a weak exothermic effect. A sharp exothermic
peak in the temperature range of 250-280 °C and corresponding weight
loss (44 wt.%) relate to the combustion reactions among the decomposed
products of urea and the nitrate.

X-ray diffraction analyses shows that in both systems copper (II)
oxide is synthesized-deposited at fuel-lean and stoichiometric (¢ <I1)
reactive mixtures. At fuel-reach reactive mixtures reduced copper (I)
oxide along with copper (II) oxide is determined.
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Figure 3.8 The size of the crystallites of the

The size of the crystallites was measured by X-ray diffraction. It
can be seen in Fig.3.8, that the crystal size of the obtained CuO depends
on the fuel type. It is obvious that the crystal size of as-synthesized CuO
is relatively small when glycine is used as a fuel. This is caused by lower
maximum temperature developed during the combustion process (~800
°C) in the glycine system (dgiy= 1) as compared to the urea system (¢pur=1)
(1000 °C) (Fig.3.7(c)). Moreover, the duration of the combustion process
is longer when urea is used as a fuel, which provides the increase of the
particle size during the process. In the glycine — copper nitrate system,
the particle size increases with increasing the glycine-to-oxidizer ratio
from 0.5 to 1.

38



Figures 3.9 and 3.10 represent the SEM micrographs of as-
synthesized-deposited product on ANFs obtained from various fuel
containing batches of urea and glycine, respectively. At the fuel-lean
glycine system, copper oxide with a fine particle size (<50 nm) is
deposited quite homogeneously on the surface of ANFs. However, with
increase in the amount of glycine the particle size of the deposited copper
oxide increases, which can be explained by the maximum combustion
temperature increasing with ¢ growth.

Figure 3.9 SEM micrographs of as fabricated combustion
impregnation product using different amount of glycine (a) ¢g,=0.75, (b)
0.85, (c) 1, (d)2.

The deposited particles are quite inhomogeneous in size and
morphology when urea is used as the fuel. Increasing the amount of urea
leads to the formation of particles with two characteristic sizes: up to 30
nm (“hugging” the fibers) and 100-200 nm (disperse all over the bundle
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of fibers) can be distinguished (Fig. 3.10). In the fuel-rich systems the
size of particles increases.

] i A _.VI | . 8 F ."'\‘ ,{‘ N B
Figure 3.10 SEM micrographs of as fabricated combustion
impregnation product using different amount of urea ¢ur= (a) 0.5, (b)
0.75, (c) 1, (d) 1.5.

Thus, the feasibility of the synthesis of copper (II) oxide by simple
and cost-effective heterogeneous combustion deposition using precursors
of copper nitrate, glycine and urea dissolved in aqueous, and furthermore
introduced onto support of the alumina nanofibers network has been
shown. The mechanisms of the combustion process of both systems
containing glycine and urea as fuels are investigated. Effect of the fuel
type and fuel-to-oxidizer ratio on the composition and structure of the
combustion product is demonstrated. The finest crystallite size of CuO
was obtained with glycine in the fuel-lean mixtures. The crystallite size
of CuO is higher when urea-containing mixtures are used as compared to
glycine containing mixture.
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CONCLUSIONS

In this work, one-dimensional composite nanofibers are prepared
by 2 methods without further calcination. The network of self-aligned
alumina nanofibers of a huge aspect ratio is functionalized by different
oxides (i.e, ZrO2, Al203, NiO and CuO) with the help of a novel single-
step template-assisted wet-combustion synthesis and sol-gel synthesis
deposition methods. From these studies the following conclusions are
obtained:

1. The defected structure of alumina nanofibers contains
unsaturated A" binded to hydroxyl groups and protons form hydrogen
bonds localized on the neighboring Al-O-Al bridge. Transformation of y-
phase into a-phase takes place at 1200 C following by substantial change
in morphology of the nanofibers network.

2. A novel template-assisted wet-combustion method based on sol-
gel, dip coating and combustion synthesis is developed. This never-
available-before technique is flexible, one-step process for production of
mesoporous nanocomposites with tailored phase composition and
morphology. It is shown that template-assisted sol-gel method might be
an alternative approach to functionalize alumina nanofibers.

3. Alumina nanofibers are functionalized with different oxides to
produce highly-aligned one-dimensional nanostructures of less than 50
nm in diameter avoiding additional procedures of calcination.

» ZrO2-Al:03 system: the precursor (zirconium oxynitrate) is
completely decomposed to oxide over 600 °C. As a result a
continuous, homogeneous nanolayer of zirconia is deposited
onto ANF.

» Al0O3-AO3  system: alumina nanolayer is homogeneously
deposited onto ANFs. Wet-combustion route allows deposition
of a-Al203 on y-Al203 with a core-shell structure using urea as a
fuel. Urea catalyses the formation of o- phase formation in
combustion mode.

» NiO-Al:O3 system: for the first time, NiO-NiAl2O4-Al203
composite nanofibers with less than 50 nm in diameter and high
aspect ratio of 10° is produced in a single-step process. The ratio
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of the component is controlled by changing the fuels (glycine,
citric acid, urea).

» CuO-ANF system: the particle size of the deposited CuO is highly
influenced by the fuel type and amount. The crystallite size of
CuO is larger when the urea-containing mixtures are used as
compared to the glycine containing mixture. The deposition of
pure CuO and CuO with traces of mixed valence copper oxide
phases and metallic copper was demonstrated by varying the fuel
and fuel to oxidizer ratio.

4. The chemical composition and morphology of the final product can
be controlled by changing the initial parameters, mainly the content
of the reactive solution. Thus, considering the requirements for the
final product, the optimum material can be obtained by choosing
appropriate processing parameters.

The scientific novelty and practical importance

The thermal behavior of the newly developed alumina nanofibers
network, which has been recently produced in Estonia, was thoroughly
studied. Besides release of water, no other phase transformation was
found below 1200-1250 C. The surface morphology of the fibers
changed substantially, because of the peculiarities of water release
together with y — a transformation in a wide temperature range.

The novel controllable single-step wet-combustion synthesis-
deposition method was suggested to functionalize nano-objects. The
influence of the process conditions on the process mechanism and final
product morphology and structure was studied.

The composite nanofibers with core-shell structure were produced
by sol-gel and wet-combustion synthesis-deposition methods without
additional calcination step for different application.

At the very first time, NiO-NiAl2O4, NiAl204-Al203 and NiO-
Al203 nanofibers with the tailored structured were fabricated by wet-
combustion method.
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ABSTRACT

One-dimensional (1D) nanostructures 1in a variety of
arrangements have become an exciting, intellectually challenging, and
rapidly expanding field of research. Due to their unique physical and
chemical properties, anisotropic nanomaterials are expected to open new
applications and, consequently, novel technological solutions. Over the
past several years, considerable efforts have been devoted to the
synthesis of different type of 1D nanostructures with tailored properties,
such as nanowires, nanofibres, nanotubes, etc. owing to their unique
performance in the fields of chemistry, physics and material science.

In many cases, nanocomposites display high complexity and wide
range of properties. These properties are not only derived from the
simple addition of functionality to the parent constituents, but also
variety of morphology and interfacial characteristics. However,
fabrication of anisotropic nanocomposite 1D structures requires
comprehensive understanding of the processes of their development and
intense efforts for their production.

Composite nanofibers of a large aspect ratio are important and
versatile materials for generating building blocks in many applications,
such as ceramic composites, catalysis, filters, sensors, batteries, solar
cells and photo-electromagnetic devices. However, these applications are
hindered by the lack of scalable and cost-effective methods for the
production of the composite nanofibers. In this work, through utilizing
the specific properties of alumina nanofibers with diameter of 742 nm, a
novel wet-combustion method was developed to fabricate several kinds
of composite nanofibers. The designed approach is a simple, single-step
wet-combustion method enabling synthesis of various composites
nanofibers mesoporous network in a cost-effective way. Wet-combustion
method includes coating the nanofibers with precursors of dopants mixed
with fuels, following by dissociation/oxidation of the precursors in a
combustion mode. Wet-combustion method uniquely combines the
merits of a sol-gel method (e.g., homogeneous distribution of
components, low temperature) and a solution combustion process (e.g.,
high temperature, fast heating rate and short duration). As a result, the
composite 1D nanostructures maintaining the morphology of the original
materials and desired composition can be produced.

52



Highly aligned alumina nanofibers were functionalized by
zirconia, alumina, nickel oxide and copper oxide, by using a novel
single-step wet-combustion synthesis and a template assisted sol-gel
synthesis deposition methods. For the first time, the highly-aligned
composite nanofibers with a core-shell structure were designed and
produced for a wide variety of application.
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KOKKUVOTE

Hiljuti viljatdotatud tihedimensionaalsed y-alumiiniumoksiidist
(Al203) nanokiud, 14bimodduga 7+2 nm, on funktsionaliseeritud uudse
mérg-pdlemise meetodiga. Funktsionaliseerimise eesmérgiks on
laiendada nende kasutusvaldkonda erinevates funktsionaalsetes
komposiitmaterjalides.

Mairg-polemise silintees on liheetapiline ldhenemine voimaldades
kuluefektiivselt siinteesida mesopoorseid komposiite, milledel on
eesmargipdraselt disainitud faasiline kompositsioon ja morfoloogia.
Viljatootatud meetodi raames kaetakse nanokiud ldhtematerjalidest
lisanditega, mis on segatud orgaaniliste kiitustega. Sellele jérgneb
lahtematerjalide ja kiituse lagunemine/oksiideerumine, mille tulemusel
toimub nanokiudude pindamine uue faasiga vdi terve nanokiu faasi
muutumine. Marg-pdlemise meetod iihendab endas sool-geel meetodi
(homogeenne komponentide jagunemine ja madal temperatuur), sisse-
kastmis pindamise (lihtsus, mikrostruktuuri kontroll ja kuluefektiivsus) ja
pdlemise meetodi (kdrge temperatuur, kiire kuumutus ja lithike kestvus)
eeliseid. Protessis tulemusena saab valmistada 1D nanostruktuuridega
komposiitmaterjale, millele jadb alles nende originaalne morfoloogia
ning soovitud keemiline kompositsioon.

Alumiiniumoksiid  nanokiude  funktsionaliseeriti  erinevate
metallioksiididega (nt. ZrO2, AlO3;, NiO ja CuO) rakendades uut
vialjatootatud marg-polemise siinteesi olles alternatiiv sool-geel siintees
pindamisemeetoditele. Esmakordselt on valmistatud {ihedimensionaalsed,
korge paralleelsusega, hierarhilised nanostruktuurid, mis omavad
stidamiku ja kooriku struktuure 1dbimddduga alla 50 nm ilma, et oleks
vaja jirelkaltsineerimist. Lisaks on ndidatud, et alternatiivina on vdimalik
sool-geel meetodiga funktsionaliseerida alumiiniumoksiid nanokiude.

Protsessi parameetrid on optimiseeritud kontrollimaks 1dpliku
materjali morfoloogiat. Muutes protsessi parameetreid, eelkdige
reaktsiooni esile kutsuvate komponentide sisaldust lahuses, on voimalik
mojutada nanokiudude keemilist koostist.
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Fig. 2. SEM and EDS analyses of combustion products with
(a) a low content of copper (/= 1), (b) a high content of copper
(f=1), and (c) a high content of copper (f= 2).

CONCLUSIONS

It was the first time that in situ preparation of alumina
nanofibres doped with CuO by the SCS method was
realized and studied. The obtained results show that the
composition of CuO/ANF can be developed due to the
high exothermic interaction of copper nitrate and the
glycine system. The particle size of CuO can be
controlled by the concentration of copper nitrate and the
copper nitrate to glycine ratio.
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Vaskoksiidi homogeenne sadestamine mesopoorsetele 1D alumiiniumnanokiududele

Khachatur Kirakosyan, Marina Aghayan, Miguel A. Rodriguez,
Masoud Taleb ja Irina Hussainova

On vaadeldud alumiiniumnanokiududele (ANF) vaskoksiidi sadestamist lahustipdletusmeetodil. Alumiiniumnano-
kiudude kimp immutati vasenitraat-gliitsiinlahusega (okstideerija-kiitus) ja termoto6deldi dhu kies temperatuuril
400°C 30 min. Lopp-produkti mikrostruktuuri ja koostise iseloomustamiseks kasutati XRD-, SEM- ning EDS-
analiiiisi, mille tulemusena selgitati vilja peeneteralise CuO kile iihtlane jagunemine gamma-alumiiniumoksiidist
nanokiududel. Saadud tulemused néitasid, et pdletusprodukti osakeste suurus, faasiline koostis ja mikrostruktuuri
morfoloogia on dramaatiliselt mgjutatud kiituse hulgast, kiituse ja oksiideerija kui ka alumiiniumnanokiudude ning

Cu(Il) ioonide vahekorrast reageerivas segus.
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