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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).

CompoSite

Functional
composite

Figure 1.3 Areas of application of alumina nanofibers and
functionalized alumina.

13



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].
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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.

23



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.

28



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.)

20 25 30 35 40 45 50 55 60
; 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 obtained copper oxide.

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.
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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.
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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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The phase conversions and morphological changes of commercial alumina nanofibers (ANF) with 7 and
40nm in diameter during heat treatment were investigated. These super-high aspect ratio (length-to-
diameter ratio is ~107) fibers are mostly composed of partially hydrated (2-6 wt.%) gamma-alumina
phase. The transformations of the ANF during heating up to 1480 °C were studied simultaneous coupled

thermal analysis (TG-DSC-FTIR) supported by XRD and SEM examinations. It was found that for ANF
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gamma-phase starts to transform into stable a-alumina from ~1250°C, but the water releases during
most of the heating time at least in two stages. The behavior of the material and observed changes are
discussed and compared with literature date for different alumina materials.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays nanostructured materials have attracted great
attention because of unusual and often promising mechanical, elec-
trical and optical properties governed by confining dimensions.
Being nano-sized in diameter, nanofibers possess high-surface-
to-volume ratio leading to activation in interactions between
the nanofibers and targeted substrates. Therefore exploitation
of nanofibers could be a promising approach for a wide range
of advanced applications. Alumina nano-powders and fibers are
materials of interest in many application areas, such as catalysts
and their supports, adsorbents, coatings, ceramics, and abrasives
[1,2]. Aluminum oxide (Al,03) exists in several polymorphs, such
as metastable y-, 8-, m-, 0-, x- phases as well as thermodynamically
stable a-Al;03. The metastable (also known as transition) phases
of alumina are intrinsically nanocrystalline in nature and can be
synthesized by a variety of methods including hydrothermal and
sol-gel processing as well as chemical vapor-liquid-solid deposi-
tion and electrospinning routines. Transition aluminas, especially
v-Al,03, are widely produced for catalyst carrier in the automo-
tive and petroleum industries, structural composites for spacecraft,
abrasive and thermal wear coatings, and filters applications [3,4].

* Corresponding author. Tel.: +358 505609511.
E-mail address: michael.gasik@aalto.fi (M. Gasik).
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Gamma-alumina is reported to occur at wide interval of the tem-
peratures between 350 and 1000°C and is typically obtained
from an amorphous or boehmite precursor. Properties of the final
alumina products are highly dependent on the crystalline struc-
ture, morphology, and microstructure of the polymorph; therefore,
many research efforts have been focused on study and characteriza-
tion of the transition aluminas with respect to their transformation
mechanisms, changes in porosity, specific surface area, surface
structure and chemical reactivity, and the defect crystal struc-
ture [5,6]. The reports on the thermal treatment demonstrate that
the thermal behavior depends essentially on phase composition
and morphological parameters of the precursor material (usually
boehmite AIOOH) such as degree of crystallinity, size of crystal-
lites, porosity, etc. [1,5,7-11]. The morphology and size of the final
Al, 03 strongly depend on the precursor used during the conversion
process [12], synthesis method [9], defect content of the crystal [5],
etc. This applies not only to different forms of boehmite, such as the
gelatinous and highly crystalline types, but also to the conditions
under which the boehmite was prepared. The transformations are
also affected by the presence of chemically bounded water (in a
form of gibbsite, diaspore or boehmite) and/or physically adsorbed
water, especially for nano-sized materials with a high surface area.
Gamma-alumina has also been shown to be thermodynamically
stable relative to a-Al,03 when a critical surface area is achieved
[13]. According to molecular dynamic simulation [14]at 527 °C(ina
typical temperature range of a hydroxide decomposition), y-Al,03
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might become thermodynamically stable at specific surface areas
greater than only 75 m? g—!. This outcome can open up endless pos-
sibilities for applications of y-Al,03. However, in the simulation
[14], which strongly suggested that y-Al,0s5 is a surface-stabilized
phase, it was not addressed the role of adsorbed species, and in par-
ticular H0, on the relative stability of the polymorphs, depending
also on crystallinity [15].

Recently developed technology of controlled liquid phase oxi-
dation of aluminum for manufacturing of the alumina nano-fibers
(ANF) with extremely high aspect ratios of more than 107 and fiber
diameter ranged from 5 to 50 nm gives a possibility to develop new
types of alumina-based products with a very high and controlled
anisotropy. Generally, the crystal growth from a melt of metal is an
excellent technique for preparing nano-materials because of its low
cost, high yield and the ability to achieve high purity of the oxide
structures in the as-synthesized state. This study reports the results
on thermal analysis of the y-Al,03 nano-fibers of extremely high
aspect ratio and their possible phase transformation during heat
treatment.

2. Materials and experimental procedure

The nano-fibers of gamma alumina with diameters of 7 and
40nm, length of 5-6 cm and specific surface area 155m2 g~! (BET
method) represent tight bundles consisting of several thousands
fibers, Fig. 1. These specimens are further designated as ANF-7 and
ANF-40, respectively. Specimens were taken by cutting into the
small samples to be fitted within the crucibles. The ANF were ana-
lyzed with simultaneous coupled thermal analysis (TG-DSC-FTIR)
with STA449 C “Jupiter” (Netzsch Gerdtebau GmbH) and Tensor
27 spectrometer (Bruker Optics). Experiments were performed in
synthetic dry air (21% O,, balance nitrogen; Linde AGA) flow of
20 ml/min with heating and cooling rates of 10°C/min and max-
imal temperature of 1480 °C. Alumina crucibles were used without
alid and an empty crucible was used as a DSCreference. Evolved gas
analysis by FTIR was performed with automatic CO, bands compen-
sation in transmission mode on gas flow taken off the STA furnace
via heated (300 °C) and shielded capillary. Data collection and anal-
ysis were made using Proteus 5 (Netzsch) and OPUS 5.5 (Bruker)
software.

X-ray diffraction data were collected at room temperature using
a D8 diffractometer (Bruker) in the CuK, monochromatic radiation.
The employed 20 range was 10-80°, with a 0.05° step size.

The specimens heated up to the selected temperatures of 600,
1000, 1200, 1480°C and quenched were studied to identify phases
after heat treatment and associate possible phase transformations
with observed thermal effects. The morphology of the nanofibers
(Fig. 1) before and after treatment was examined by scanning elec-
tron microscopy (SEM Zeiss EVO MA 15, Germany) with a gold
coating to improve specimens’ conductivity. High-resolution trans-
mission electron microscopy (HRTEM) was made with JEOL 2200-S
(Jeol, Japan) with lattice resolution of 0.1 nm. Specimen ANF-7
was also examined with nuclear magnetic resonance (NMR Bruker
Avance-400) in magnetic field of 9.4T and 400 MHz (spectrum
TH MAS) after heat treatment to ensure that absorbed water is
removed to maximal possible extent.

3. Results and discussion

The results of thermal analysis are displayed in Figs. 2 (TG)
and 3 (DSC). The total mass loss for both specimens during the
whole scan was about 6 wt% for ANF-7 vs. 2.2 wt% for ANF-40. Addi-
tionally, ANF-7 has a clearly separated stage for mass loss over
1200°C (which is about 1/10 of the total mass loss) that is not
detected for ANF-40.

Fig. 1. A bundle of ANF with 7nm average diameter: (a) SEM image, (b) and (c)
HRTEM images, respectively.

Eventually all mass losses are corresponding to water release,
as no other gases were observed by FTIR (Fig. 4), and no significant
differences between evolved gases of these two specimens were
found. The results are consistent with most of the water being lost
during first 10-30min of the heating segment. Some small water
traces in the gas are still being observed at higher temperatures
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Fig. 2. Mass changes (TG) for the ANF-7 and ANF-40 specimens during heating.

but the origin of this water vapour cannot be determined in these
experiments.

For differential scanning calorimetry (DSC) there are endother-
mic effects at the beginning of heating which could not be explained
just by adsorbed or physisorbed water evaporation (Fig. 3). It
might be assumed that unsaturated AI3* linked to three oxygen
atoms might lead to water dissociation. The cation Al3* then binds
to hydroxyl OH-, and protons form hydrogen bonds localized
on the neighboring Al-O-Al bridge. Formation of both terminal
OH-groups and bridging groups as indicated by the IR spectra
(absorption in 3790 and 3678 cm~! respectively, Fig. 5) can be sug-
gested. The spectrum 'H NMR shown in Fig. 6 demonstrates that
terminal OH-groups are preferentially linked to tetrahedral Al and
bridging groups are linking tetrahedral and octahedral A3* pos-
itions. This might explain thermal effects as the brutto-composition
could be written in a form typical for gamma-based aluminas
Al;03-xH;0 (x<0.6) [15]. Such hypothesis needs additional studies
to be confirmed.

In the case of gibbsite Al(OH)3 transformations, several reported
temperature values could be found. Most data indicates temper-
ature region of boehmite formation ~180°C and for x-alumina
about 250-300°C, finishing as high as 500-700 °C[15-18]. Bayerite
Al(OH)3 also transforms to boehmite at ~180°C, but than prefer-
ably to - and m-alumina at 230-260°C. y-Al,03 are known
to transform into the d-phase (~850°C), and than to ®-Al,03
(>1050°C). The m-alumina phase might also change into ®-phase
directly (>850°C). All these phases in the long run give alpha-phase,
but at different temperatures, which greatly depends on the pre-
cursor used, as observed by thermal analysis [15-19]. Brown et al.
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Fig. 3. DSC traces for the ANF-7 and ANF-40 specimens during heating.
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Fig.4. 3D Chrom FTIR spectra of the gases evolution from the ANF-40 (a) and ANF-7
(b) specimens during coupled STA. Corrected TG trace (Fig. 2) is overlaid on the left
side of the 3D plot. Absorbance peaks are essentially due to released water.

[20] have reported about problems which appear during STA stud-
ies of thermal decomposition of different alumina precursors. It
appears due to formation of different products, and often due to
3-D diffusion limited reaction rate, which is strongly depended of
local water partial pressure in particular. ANF-7 specimen has also a
clear exothermal effect in the range 1200-1400 °C, which is slightly
associated with release of additional water (~0.61%, Fig. 2). As most
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Fig. 5. IR absorption spectra of ANF-7 fibers heat-treated at different temperatures.
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Fig. 6. NMR 'H spectrum of ANF-7 and standard reference alumina after heat treat-
ment at 250°C.

of the ANF material is gamma-alumina, it is expected to be trans-
formed into more stable a-Al, 03 over 1150 °C. This transformation
is exothermic for all alumina phases, which might be present,
Fig. 4, and for y— « transformation at 1300°C thermal effect is
—25.636 k]/mol Al,03 (—251.43]/g by HSC Chemistry 7.1 thermo-
dynamic database [21]) or —26.25 kJ/mol (—257.54]/g; according to
[22]). Neglecting parallel water removal, this might give estimation
that at least 60% of the virgin ANF-7 material is composed of the
vy-alumina phase. 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.

Such y— «a transformation was not observed clearly for ANF-
40 (Fig. 3), neither respective water loss at these temperatures
was recorded (Fig. 2). Since ANF-40 fibers are much more densely
packed than ANF-7, it might be possible that water does not have
easy route to escape. It could be indirectly justified that ANF-7 fibers
are becoming “lossy” and more separated after heating, whereas
ANF-40 stay more rigid and bundled together.

Mehta et al. [23] reported that alumina transformations could
be approximated by a continuous sequence of structures from
béhmite to a-Al;03, described by formula Al;Q03_,2(OH)y @1 _y)2,
where Q means cationic and @ - anionic vacancies respectively
(0<v<2). They have found exact route depends much on the
initial crystallinity of the specimen. With TG, DTA and following
XRD analysis it was shown that highly amorphous phase proceeds

143

x10k

10um

Fig. 8. The surface morphology of original ANF-7 fibers (a) and same fibers after
thermal analysis (heating up to 1480°C; b).

preferentially to x-, k- and a-alumina [23]. However, in the core
of well-crystallized sample, the transformation sequence from y-
to 0- and to a-Al,03 was dominating [23]. It was also observed
that the temperature range and temperature of the DTA peaks are
proportional to the degree of specimen crystallinity [23,24].

The XRD analysis made in this work of heat-treated ANF sam-
ples did not reveal differences in spectra below 1200°C (Fig. 7),

24 26 28 30

42 44 46

48 50 52 54 56 58 60

2 Theta, *

Fig. 7. XRD patterns made for different heat treatment temperatures. Dotted lines indicate the temperatures for quenching of the specimens.
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expect some variations in intensities of y-Al;03. At the highest
temperature, however, most of the phase is already converted into
a-alumina which peaks sharpness also increases, indicating better
crystalline degree. There was no clear indication of other possible
alumina or hydrated alumina phases.

The example of the ANF morphology changes during heat treat-
ment is shown in SEM micrograph for ANF-7 in Fig. 8. Whereas
the general shape of the fibers is preserved, the morphology of
the nanofibers has undergone significant changes. For instance,
alumina fibers have taken more agglomerated/partially sintered
cell shape with small pores (~50-200 nm) between them. Thermal
analysis data indicate water playing a substantial role in the pro-
cess and more water is removed from 7 nm fibers than from 40 nm.
It is also evident from STA and XRD analyses that there is no single
v— a transformation temperature or temperature range (Fig. 7),
unlike for alumina powders reported in the literature previously.
Nevertheless heat treatment of ANF over 1300 °C result in stable -
alumina phase, but to obtain higher crystallinity, 1400 °C or higher
would be required at heating rates used in the present study. The
ANF heat treatment regime might be optimized for obtaining stable
alumina nanofibers based on a-alumina with a high surface area,
suitable for a variety of applications.

4. Conclusions

The phase transformations and structural changes of alumina
nanofibers (ANF) with 7 and 40 nm in diameter were studied in the
20-1480°C temperature range using simultaneous coupled ther-
mal analysis (TG-DSC-FTIR) and X-ray diffraction. Both studied fiber
sizes behave similarly on heating, but 7 nm specimens have much
higher mass loss than 40 nm ones. Besides release of water, no other
phase transformation was found below 1200-1250°C, although
thermal effects and mass losses were significant. However the sur-
face morphology of the fibers has changed substantially, which
might be explained by the peculiarities of water release together
with vy — o transformation in a wide temperature range.
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Abstract

In this study alpha-alumina thin films have been deposited continuously onto novel gamma-alumina nanofibers with 7 nm in diameter and 5 cm
in length. This selective alpha phase deposition on gamma phase was carried out by a one-step solution combustion process using aluminum
nitrite as the precursor of aluminum and urea as a fuel. Effect of the fuel amount on the combustion product was studied by adjusting Al/urea ratio
in solution. Stoichiometric amount of urea was considered to be optimal for crystallization of alumina nanoparticles. The morphology of the
resulting product was found to be insignificantly affected by aluminum-—urea ratio. The possible catalytic behavior of urea in formation of alpha-
alumina was discussed. Microstructural characterization by XRD, TEM, and FESEM has revealed a uniform deposition of ultra-fine grained

alpha-alumina film on the surface of gamma-alumina nanofibers.
© 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Films; D. Al,O3; Nanofibers

1. Introduction

Chemical and thermal stability, relatively high strength and
corrosion resistance, good thermal and electrical insulation
characteristics combined with high hardness and high melting
point make the aluminum oxide based materials to be very
attractive for many engineering applications [1,2]. Among many
transition aluminas known, gamma-alumina (y-Al,O3) is one of
the most used catalyst and catalyst support in the automotive and
petroleum industries. [3,4]. The high transmittance of alumina in
the range from the ultraviolet to infrared band extends its
application in optically transparent ceramic coatings, organic
light emitting devices, solar selective coatings, optical lenses
and windows, refractory coatings, antireflection coatings and
optical wave-guides [5].

Aluminum oxide (ALO;) exists in several polymorphs,
such as metastable y-, 8-, n-, 0-, and y- phases as well as

*Corresponding author.

http://dx.doi.org/10.1016/j.ceramint.2014.04.087
0272-8842/© 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

thermodynamically stable high temperature o-Al,O; phase.
All these metastable phases can be irreversibly converted into
a-AlL,O3 by the appropriate heat treatments. Only o-AlL,O;
polymorph is the stable phase above 1200 °C.

The properties of alumina ceramics are heavily affected by
crystal size, morphology, and surface and phase homogeneity,
which themselves are dependent on the processing method and
parameters [5,6].

There are several physical and chemical approaches to
prepare alumina films, such as pulse laser deposition [5],
atomic layer deposition [7,8], laser-induced sol-gel deposition
[9], chemical vapor deposition [10], combustion chemical
vapor deposition [11], metal-organic chemical vapor deposi-
tion [12], reactive magnetron sputtering [13], and sol-gel
processing [2,6,8,9,14,15]. Formation of a proper coating or
thin film is a critical issue for using fibers as reinforcing
constituents in composite materials. For example, Bao and
Nicholson [16] deposited a uniform alumina film on alumina
fibers by means of modified electrophoretic infiltration
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deposition (EPID) from ethanol suspension of submicron sized
alumina particles under constant current. Holmquist and Lange
[17] developed a process to manufacture fiber-reinforced
alumina—alumina ceramic matrix composites (CMC) using a
pre-consolidated slurry with a very high volume fraction of
powder for infiltration of the fiber cloths. A sol-gel method is a
well-studied routine allowing deposition of uniform thin films
on substrates of different types of alumina coatings on ceramic
powders of wide variety in particle shapes and sizes. As a first
step of the process, a layer of amorphous alumina is developed
and then followed by transformation into gamma-polymorph
after calcination at intermediate temperatures and alpha-
polymorph at higher temperatures [2,15,18].

Ruhi et al. used Al-iso-propoxide as aluminum-carrying
precursor in order to deposit alumina by the sol-gel method
[14]. Adraider et al. used a laser of high energy density to
precipitate alumina coating from sol-gel solution onto sub-
strates [9].

To synthesize a-alumina films, Kelekanjeri et al. applied
combustion chemical vapor deposition techniques using alu-
minum acetylacetonate as a source of aluminum and isopropyl
alcohol as a fuel for combustion flame; therefore, the alpha-
alumina layer was produced in a one-step process [11].

The aim of the present study is deposition of a homogeneous
alpha-alumina thin film onto the surface of novel commercial
gamma-alumina nanofibers of extremely high aspect ratio
without influencing the morphology of the fibers. For this
purpose the solution combustion method has been used.
Typically, solution combustion synthesis involves a self-
sustained reaction in solutions of metal nitrates and different
fuels [19]. High reaction temperatures, which ensure high
product purity and crystallinity, allow skipping some addi-
tional steps (for example, high temperature product calcina-
tion) to achieve the desired phase composition and formation
of fine particles due to short process' duration as well as
elimination of gases as outputs.

This paper describes the functionalization of y-alumina nano-
fibers (y-ANF) by o-alumina via a solution combustion

Fig. 1. TEM micrograph of original ANF.
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deposition process that is conducted in an open atmosphere. To
our knowledge, this is the first report on depositing selectively
alpha-alumina on gamma-alumina nanofibers (ANF) by the
solution combustion method. Fig. 1 shows the TEM micrograph
of original ANF, which has extremely high aspect ratios of more
than 107 and high specific surface area. The average diameter of
the fibers is ~7 nm. Precursors for a material to be deposited and
a fuel to provide combustion were dissolved in water, which was
soaked by a bundle of fibers, that when combusted, deposits the
desired (alpha-alumina) coating on a surface of fibers by a single-
step. In this study, aluminum nitrite was used as a source of
alumina and urea was used as a fuel. The role of urea in the
process of deposition, influence of the urea amount on the
deposited material properties and product morphology were
thoroughly studied in the present work.

2. Experimental
2.1. Solution combustion synthesis

Solutions were prepared by dissolving aluminum nitrite and
urea in water, which served as the fuel for the combustion.
Aluminum metal-ion concentrations were held constant at a
molarity of 0.0015 M.

Different amounts of fuel were used to find the optimum
concentration for formation of alpha-alumina layer by the
solution combustion method. The appropriate amounts of Al
(NO3)3-9H,0 (95%, Merck) as an aluminum precursor and
oxidizer, and urea (99%, Merck) as a fuel were dissolved in the
deionized water (0.15 mol AI(NO3);-9H,0 into 100 ml H,O)
(see N1-3 in Table 1). A concentrated HNO;5 (70%) was added
into the solution N3 according to the stoichiometry

2A1 (NO3); - 9H,0+51CO(NH,), +3(n— 1)HNO;

15-15 67n—3
= ALOs + ® NO»+ ”8 N,
230433
+51C0, + % H,0, (1

where n is the ratio of the amount of the used urea to the
amount of the urea needed for providing stoichiometric ratio of
fuel to oxidizer (n=1).

The optimal proportion of the components was found in the
solution N4 (Table 1). An appropriate amount of bundled alumina
nanofibers (ANF) with 7 nm in diameter and 50 mm in length [20]
was kept in the solution N4 for 15 min allowing the fibers to soak
as much solution as possible. A ceramic beaker with the solution-

Table 1
Composition of the initial solutions.

N n n (AI(NOs3)s-9H,0) n (urea) n (HNO3) n (ANF)
(mol) (mol) (mol) (mol)

1 05 0.1 0.125 - -

21 01 0.25 - -

32 01 0.5 0.3 -

4 1 0.1 0.25 - 0.033

51 - 0.25 0.3 0.033
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soaked fibers was treated at 400 °C for 30 min in a furnace
(LM312, Linn High Therm, Germany) that was heated at the rate
of 25%min for ignition. Produced brittle foam can easily be
crumbled into a powder.

To study the influence of combustion on the structure and
morphology of ANF, a solution was prepared (NS, Table 1),
which contains certain amount of urea. Appropriate amount of
HNO; was used as an oxidizer instead of aluminum nitrate.

2.2. Structural characterization

The phase identification of the combustion synthesized
powder was carried out by X-ray diffraction using a Bruker
diffractometer (D8) with CuKo radiation at 40kV in a
scanning range € from 20° to 60° with a step of 0.02°.

Field emission scanning electron microscopy (FESEM S-4700,
Hitachi, Japan) and a transmission electron microscope (TEM/
STEM JEOL 2100F) operating at 200 kV equipped with a field
emission electron gun providing a point resolution of 0.19 nm were
used to characterize the microstructure of the combustion product.

3. Results and discussion
3.1. Synthesis of alpha-Al,O; via solution combustion

In order to find an optimal quantity of urea in deposition of
alpha-alumina on ANF, possibility of alpha-alumina synthesis
was studied. Using urea as a fuel, a white compressed mass
was obtained as a combustion product (Fig. 2).

The XRD analysis of the combustion products obtained
from the systems containing different amounts of urea shows
evident influence of urea quantity on the composition of the
final product (Fig. 3). An amorphous mass of material was
developed when an inferior amount of urea (n=0.5) was
added into the solution. This is in good agreement with the
results of Sherikar and Umarji [21], according to which
amorphous mass forms when the fuel to oxidizer ratio (F/O)
is 0.4, and alpha-alumina with the trace of theta-phase forms
when F/O=0.6, which is a result of a low enthalpy.

Increasing the amount of urea up to the stoichiometric one
(n=1) results in formation of alpha-alumina polymorph
characterized by sharp and well-developed XRD peaks
(Fig. 3b). The formation of alpha-alumina from the solution
of this ratio of urea as a fuel is due to generation of enough
energy and catalytical capability of urea during the combustion
process.

Further increase in fuel amount (up to n=2) results in more
pronounced and stronger XRD peaks indicating high crystal-
linity of the final product (Fig. 3c). The addition of an excess
of fuel and simultaneously keeping fuel to oxidizer ratio
stoichiometric results in higher energy of a system, higher
temperature during combustion and, therefore, larger particle
size of the final product.

Thus, the stoichiometric amount of fuel (when fuel to
aluminum nitrite ratio is 2.5) is sufficient to boost and sustain
the reactions up to the formation of alpha-alumina. On the
contrary, the employment of a fuel amount inferior to the
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Fig. 2. The bundle of (a) original ANF and (b) ANF covered by alumina
(n=1) after combustion treatment.

0 o—Alumina
0 Y= Alumina

Intensity (a.u.)

Fig. 3. X-ray diffraction pattern of the synthesized powders using different
amounts of urea: (a) n=0.5; (b) 1; (c) 2.

stoichiometric one is not sufficient to sustain the crystallization
of the product keeping it in an amorphous state.

3.2. Deposition of alpha-alumina on gamma-alumina
nanofibers

To deposit alpha-alumina on ANFs the stoichiometric
amount of fuel (n=1) was used to sustain the combustion
process (solution N4 in Table 1). By this method, it is possible
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to deposit over 60% of Al,O; onto the surface of ANFs in a
single step.

XRD diffraction pattern of as deposited alpha-alumina/ANF
specimen is depicted in Fig. 4. Two polymorphs of alumina,
including a-Al,O5 and y-Al,Os, are clearly recognized.

It is believed that the revealed gamma phase is related to y-
alumina fibers assuming that ANF could withstand the condi-
tion of combustion (high temperature, presence of the aggres-
sive chemical compounds in the system, etc.). To prove this
hypothesis the untreated fibers were tested under the similar
combustion condition. The comparison of virgin and treated
ANFs has indicated a higher degree of crystallinity while there
was no phase transformation of the gamma-ANFs (Fig. 5)
during heat treatment. Therefore, no phase transformation of
gamma-Al,O; takes place caused by solution combustion
synthesis.

In the authors' previous study [20] it was shown that the
morphology of y-alumina nanofibers remains unchanged up to
about 1200 °C and transformation y — & occurs at temperatures
above 1200 °C. Heat treatment of ANF over 1300 °C results in

1o~ Alumina o
0 v—Alumina

Intensity (a.u.)

25 30 35 40 45 50 55 60
20

Fig. 4. The XRD pattern of ANF (a) before and (b) after combustion
treatment.

] o—Alumina o
0 y— Alumina

Intensity (a.u.)

20 25 30 35 40 45 50 55 60
26

Fig. 5. X-ray diffraction pattern of as synthesized alumina/ANF sample.
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a stable a-alumina polymorph. Based on this data, it can be
established that the combustion temperature does not exceed
1200 °C in the system during the combustion process.

Therefore, the peaks related to alpha-alumina (Fig. 4) belong
to the synthesized alumina. It is supposed that the formation of
alpha-alumina from aluminum nitrate via the combustion
process occurs at lower temperature.

Sherikar and Umarji [21] studied the synthesis of alpha-
alumina by the solution combustion method. The highest
temperature they detected during combustion was approxi-
mately 900 °C, which was recorded at the moment of explo-
sion. However, as it was mentioned above, the alpha-
polymorph forms at higher temperature. The formation of
alpha-phase at lower temperature can be caused by the high
heating rate of system, which is a characteristic feature of the
combustion process. Moreover, urea is one of the fuels that
decompose very vigorously with flame formation. Notwith-
standing, in this work, only alumina obtained from aluminum
nitrate was alpha, while gamma-ANF stands gamma with-
standing combustion condition. Thus, it is supposed that urea
was not only a source of energy but also had an important role
in formation of alpha-phase.

Fig. 6. FESEM micrograph of (a) original ANF and (b) alumina/ANF sample
obtained after combustion.
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Zhuravlev et al. [22] demonstrated that the combustion of a
stable aluminum nitrate and urea complex results in formation of
alpha-alumina at even lower temperature. They explained it by
the specific behavior of urea with the metal salts represented by
formation of stable urea complex compounds with aluminum
nitrite, which decompose into a-AlO(OH) (diaspore) with further
transformation into alpha-alumina. Therefore, urea can be con-
sidered not only as an energy supplier to the system but also as a
kind of “catalyst” for a-Al,O5 formation.

3.3. Microstructural characterization

Fig. 6 shows the FESEM micrographs of original ANFs and
a-Al,O3/ANF sample obtained by the combustion deposition.
As it can be seen in Fig. 6b, alpha-alumina was deposited onto
ANF very homogeneously and continuously. It is remarkable
that the common microshape of ANF bundle was not changed
after depositing alpha-alumina via solution combustion.

4. Conclusions

The solution combustion technique was used to selectively
deposit alpha-alumina thin films onto the gamma-alumina
nanofibers of extremely high aspect ratio by a single step process.
Aluminum nitrate was used as a precursor of aluminum and urea
as a fuel.

It was concluded that urea served not only as a fuel for the
process running but also as a “catalyst” for the formation of
alpha alumina from alumina nitrate.

The XRD analyses confirmed that alumina nanofibers of
gamma phase can withstand the combustion conditions without
significant morphological changes during processing. The micro-
structural analysis showed that the deposited alpha-alumina
particles were of ultra-fine or/and nanosized. Moreover, alpha-
alumina was deposited on ANF very homogeneously.
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Gamma-alumina nanofibers of 7 nm in diameter and aspect ratio ~10° were doped with 10% of zirconia
or alpha-alumina by in situ chemical liquid deposition (CLD) technique. Thermal behavior and
decomposition kinetics of dopant nano-layers were conducted using simultaneous coupled thermal
analysis (TG-DSC-FTIR) to optimize the processing conditions and suggest possible reaction mechanisms.
SEM and TEM analysis of fine structure of functionalized nanofibers revealed changes in dopants
localization at the base nanofibers. The effect of dopants on thermally-treated materials properties
treatment was evaluated after consolidation of the samples by HIP at 1200°C and 150 MPa. These
sintered specimens have shown an increase in microhardness (HV) by 30% and 55% for alumina- and
zirconia-doped materials, respectively. The mechanism and kinetics of the dopants precursor reactions
are discussed on the basis of the simultaneous thermal analysis.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Various nanofibers are known to possess high-surface-to-
volume ratio and extreme degree of anisotropy. In the simplest
structure, such nanofibers are aligned in one dimension, leading to
the possibility of their applications as filters or reinforcing phases.
Among variety of ceramic fibers available on market, alumina
fibers have received a particular attention due to unique high-
temperature properties and chemical stability [1-3]. The key
challenge to successful fabrication of fiber reinforced nano-
composites that combine outstanding mechanical and tribological
properties is understanding of their processing behavior during
high-temperature consolidation. In advanced composite materials,
a proper interphase developed between matrix and reinforcement
during processing determines the performance of the final
product.

In authors’ previous study [3], the comprehensive thermal
analysis of alumina nanofibers (ANF) with 7 and 40 nm nominal
diameter was carried out. These ultrahigh aspect ratio fibers
(length-to-diameter ratio ~107) are mostly composed of partially
hydrated (2-6% wt) gamma-alumina phase. It was found that,
besides water release, phase transformation from gamma to alpha

* Corresponding author.
E-mail address: michael.gasik@aalto.fi (M. Gasik).

http://dx.doi.org/10.1016/j.tca.2015.01.009
0040-6031/© 2015 Elsevier B.V. All rights reserved.

polymorph (y— a-Al,03) was occurring at temperature over
1200-1250°C[1,3]. In this work, we report further studies on these
ultra-high aspect ratio ANF, which were doped with alumina
(homophase) and zirconia (xenophase) from the solutions of
respective nitrate precursors by method known as a chemical
liquid deposition (CLD) [3,4]. The concept of CLD is to deposit
nitrates on the surface of the matrix material in controlled
conditions and to apply a subsequent thermal treatment to
decompose them [4]. This leaves (meta)-stable oxide phases of a
higher chemical activity compared with similar phases obtained
from, e.g., mechanical addition of nanopowders [4]. The dopants
chosen here were to study possible effects of homophase and
xenophase on thermal behavior of ANF and perspectives to use the
functionalized nanofibers for ceramic matrices reinforcements.
Alumina as a homophase has no direct chemical reactivity with
alumina nanofibers, and zirconia as a xenophase should not
chemically react with alumina either, but it is known to restrict
alumina grains growth in Al,05-ZrO, nanocomposites [5,6], so one
should be able to detect whether similar effect might be also in this
case.

The effect of dopants and/or nanolayer coatings on the
properties of nanostructured aluminas was studied in several
cases. For example, Zhao et al. [7] have prepared iron-doped
boehmite nanofibers synthesized using soft chemical hydrother-
mal methodology and found that Fe-doped boehmite thermally
decomposes at higher temperatures compared to undoped
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boehmite. Yang et al. [8] have synthesized chromium-doped
boehmite nanofibers by low temperature co-precipitation of
aluminium nitrate and chromium nitrate. The dehydroxylation
temperature of boehmite was also visibly increased [8]. Additions
of zirconia and titania were exploited to process Zr0O,-Al,0s and
TiO,-Al,03 nanocomposites using boemite nanofibers as a starting
material [9]. Extensive studies of transformation and thermal
behavior of y-alumina, boehmite and their intermediate phases
have been carried out in [10-13]. However, the thermal behavior of
highly aligned fibers of diameter less than 50nm coated by
nanolayers of zirconia or alumina has not been studied yet.

Whereas the CLD was reported to be a convenient, solvent-free
way to fabricate ceramic nanocomposites [4], to achieve a
complete control of the procedure and, therefore, to perform a
suitable tailoring of the final microstructure requires thorough
study of the composite material evolution during decomposition
process. In the present study, thermal analysis was conducted on
doped nanofibers for better understanding synthesis procedure
and thereof optimizing the applied conditions.

2. Experimental

The nanofibers of y-alumina with diameters of 7 and 40 nm [3]
are well-aligned fibers bundles, Fig. 1. The specific surface area
measured for 7nm nanofibers was 155m?g~! (BET method).
Alumina and zirconia were selected as demonstration coatings of
these bundles. Chemical liquid deposition (CLD) technique [4] was
used to cover ANF by 10% vol. of ZrO, and 10% vol. a-Al,0s.
Zirconium(IV) oxynitrate (zirconyl nitrate) hydrate ZrO
(NO3),-xH,0 (99%, Sigma-Aldrich) and aluminium nitrate non-
ahydrate AI(NO3)3-9H,0 (95%, Merck) were used as zirconia and
alumina precursors. The first precursor is usually produced by
water hydrolysis of the zirconium(IV) nitrate and thus the amount
of molecular water (x) in the crystallohydrate is generally

Fig. 1. Aligned alumina nanofibers structure (7 nm average diameter) shown with
low (a) and high (b) magnifications.

manufacturing process-dependent. To determine the water
content and check temperature ranges of precursors decomposi-
tion, thermal analysis was conducted.

The decomposition kinetics of dopants was studied with
simultaneous coupled thermal analysis (TG-DSC-FTIR) with
STA449C “Jupiter” (Netzsch Geritebau GmbH) and “Tensor-27"
FTIR spectrometer (Bruker Optics). Experiments were performed
in synthetic dry air (21% O, balance nitrogen; Linde AGA) flow of
20 ml/min with heating and cooling rates of 10 K/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 by FTIR was performed with automatic CO, bands
compensation in transmission mode on gas flow taken off the
STA 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. Thermal analysis results for the
undoped ANF were recently reported in [3] by the authors.

Three batches of suspensions were prepared dispersing 1g of
ANF bundles in 40g of distilled water by stick ultrasound
(Hielscher Ultrasonic Homogenizer UP200Ht) for 5 min at 100 W
(pulse mode 3 s work and 1 s pause). A mass of 0.39 g of zirconium
(IV) oxynitrate hydrate and 0.74g of aluminium nitrate non-
ahydrate was added into the obtained suspensions. The blank
(control) specimen was also made containing only nanofibers
suspension (marked further as ANF-0). The mixtures were stirred
(800rpm) for 15min to completely dissolve the precursors and
homogenize mixtures. Upon mixing, the resulting pH of nanofibers
suspension (ANF-0) was 6.6, for aluminum nitrate-added suspen-
sion (ANF-A10) ~3.8 and for zirconyl nitrate-added suspension
(ANF-Z10) was ~2.2. These numbers were found to be similar to
intrinsic pH caused by partial hydrolysis of the respective nitrates.
The obtained slurry was dried slowly at 90°C for 20 h and at 95°C
for 10h to remove unbound water. Decomposition of deposited
dopants was carried out at 600°C for 2h. These treatment
temperature and time were determined by thermal analysis as
shown below, selected yet to keeping ANF substrate still in the
gamma-phase form.

The morphology of the ANF-0, zirconia-covered ANF (ANF-Z10)
and alumina-covered ANF (ANF-A10) after heat-treatment (before
pressing) was examined by 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 EDXS (energy dispersive X-ray spectrometer) INCA x-sight
(Oxford Instruments) was used for chemical elemental analysis.

Sets of three specimens of each composition were prepared for
sintering and HIP. The cylindrical specimens 12 mm of diameter
and 3mm in height were compacted by uniaxial pressing at
100 MPa. The specimens were then encapsulated in steel capsule,
outgassed and hot isostatically pressed (HIP) at 1200°C and
150 MPa for microstructure and properties evaluation. Microstruc-
tural analysis of composites before and after sintering was
performed by scanning electron microscopy (SEM Zeiss EVO MA
15, Germany). The samples were cut and polished with 1pum
diamond paste. Microhardness measurements were conducted
according to ISO 14,577 on a Buehler Micromet 2001 (Buehler
GmbH) applying an indentation load of 0.5N. The Vickers
microhardness value for each composition was taken as the
average of at least 12 measurements made on each specimen.

3. Results and discussion

The results of thermal analysis of decomposition of the dopants
precursors are shown in Fig. 2 (aluminum nitrate) and Fig. 3
(zirconyl nitrate). As seen from the data, the decomposition of
precursors is very complex and contains many different stages.
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Fig. 2. Thermal analysis (TG-DSC) of Al(NO3);-9H,0 precursor at heating rate 10 K/min.

In the case of aluminum nitrate, the release of first and two
subsequent molecules of water from the hydrate proceeds at low
temperatures (<100°C). This causes dehydrated salt being
partially dissolved in its own water, which also evaporate
simultaneously upon continuous heating. At higher temperatures,
aluminum nitrate forms hydroxonitrates, which process eventual-
ly terminates upon formation of boehmite and gamma-alumina.
Release of nitrogen oxides and water completes below 500 °C and
the following signals changes are associated eventually with
alumina phase transformations. Thus all these process stages may
be expressed by the scheme [1,3,14]:

AI(NO3)3-9H,0 — Al(NO3)3-8H,0 (~75°C)— Al(NO3)3:6H,0 (~90
°C)— Al(OH),(NO3)3_, (n=0...2)—y-AIOOH — y-Al,05 (150-
300°C) — 8-Al,05 (>700-800°C?) — a-Al;,03

The brutto-reaction of the aluminum nitrate decomposition
was elaborated by matching the experimental enthalpy changes

(area under DSC curve) to the theoretical enthalpy changes as
follows:

TG%
100

o

o

80

70

60

50

40

2A1(NO3)39H20 — Al,03+6N0, +9H,0 +1.50,,

i.e, it is a redox reaction where nitrogen reduces and oxygen
oxidizes. The formation of different alumina phases (including
those with amorphous structures) should be considered beneficial
to phase transformations of ANF, as it might be more active during
sintering.

Zirconyl nitrate ZrO(NO3),-xH,0 is the result of a hydrolysis
reaction of zirconium(IV) nitrate Zr(NOs), in water and acid
solutions. It was suggested [ 15] that the crystalline structure of ZrO
(NO3),-xH,0 is better stated as Zr(OH),(NOs),:(4 +y)H,0, where
y <6. For each zirconium atom there are 2-3 water molecules and
an additional nitrate group located in between the chains. Half of
the nitrate groups present in the formula are directly coordinated
to the zirconium atoms and the other half are ionically bound
between the chains in the crystal lattice [15,16]. The first two peaks
in the DSC signal and mass loss stages in TG (Fig. 3) can be
attributed to endothermic reactions correlated with the loss of
water (85-180°C and the conversion of nitrate groups to gaseous
NOx (180-350°C). The exothermic crystallization peak of
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Fig. 3. Thermal analysis (TG-DSC) of ZrO(NO3),-xH,0 precursor at heating rate 10 K/min.
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Fig. 4. A formal non-linear regression fit of the DSC signal for alumina-doped ANF with 7 and 40 nm diameter.

amorphous in situ formed ZrO, can be seen at ~460°C, which
temperature corresponds well to the value of 469°C found in the
independent DTA study [16]. The total decomposition process is
endothermic, requiring about 740 J/g mostly for removal of water
and nitrate, whereas zirconia crystallization is slightly exothermic
(40]/g for initial specimen mass, i.e., ~100]/g of zirconia mass after
nitrate decomposition), and is not associated with the mass
changes. The mass loss analysis shows that used zirconyl nitrate
has x=5.908 mol of water per 1 mol of salt. This value was used in
calculation of the solution composition required for doping. Thus
the following scheme might be suggested for zirconyl nitrate
decomposition [15,16]:

ZrO(NO3),-5.9H,0 — ZrO(H,0)(NO3), — Zr;05(0H)(NO3), —
Zr,05(0H); — ZrO5.

Decomposed dopants, %

100

80

60

40

20

For desigining the proper heat treatment regime of doped ANF,
the kinetic model has been set up, shown here in the case of ANF-
A10 material. Using ANF with two different fiber diameters, 7 and
40 nm respectively [3], but with the same added alumina volume
fraction (10%), the kinetic analysis has shown DSC traces to be
reasonably fit with a Prout-Tompkins autocatalytic model [17],
Fig. 4. This formal non-linear regression fit is not the confirmation
of the nitrate decomposition mechanism, but rather a formal
equation aimed to be used for the process optimization. The
objective for the heating procedure in the muffle furnace was to
ensure close-to-linear decomposition kinetics of the nitrates
deposited on the ANF with 7nm diameter in the range 50-
500°C. This predictive calculation based on the model parameters
(Fig. 4) is shown in Fig. 5. The first temperature plateau was added
because of substantial amount of water to be vaporized before

Temperature/°C

100

L o oo o mn e o ¢

T T T T T T T T 4 T T

T
100

T

—T T 0

T T
150 200

Time/min

Fig. 5. Calculated heating regime for thermal treatment of alumna-doped ANF of 7 nm diameter.
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Fig. 7. HRTEM images of ANF-10Z nanocomposite, with increased magnifications from (a) to (b).

main stage of nitrate decomposition. Similar calculation was made
for zirconia-doped ANF. Thus, both dopants undergo complete
nitrates decomposition to oxides below 600°C. Therefore, this
temperature was chosen for a heat treatment of the doped ANF and
all specimens, including the non-doped ANF.

Fig. 6 shows the high-resolution transmission electron micros-
copy (HRTEM) images of undoped y-ANF. It is noticeable that the
original fibers exist in core-shell structure type: two distinct
materials zones corresponding to aluminium hydroxide-rich layer
and amorphous y-alumina nano-fibers core could be seen due to
variation of contrast.

Fig. 7 shows similar HRTEM images of ANF covered with 10 vol.
% of zirconia (ANF-10Z). XRD analysis indicates that ANF substrate
has a thin ZrO, coating with low crystallinity. Notably, no free
exposed surface of ANF appears in the TEM visualization,
suggesting that there exists a strong interaction between the
Zr0O, coating and the ANF. EDX analysis was used for the semi-
quantitative determination of zirconium content in resultant ANF-
ZrO, nanocomposite (Fig. 8). In the spectra marked as point 1
(Fig. 7b), zirconium peaks were detected at the Al,O3 nanofiber (Cu
signals originate from the supporting TEM grid). This reveals that
the CLD process produces a good homogenous ZrO, coating on the
ANF support.
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Fig. 8. EDX spectra of the zirconia coating, corresponding to the point 1 in Fig. 7, (b).



48 M. Aghayan et al./ Thermochimica Acta 602 (2015) 43-48

Fig.9. TEM images of ANF-A10 nanocomposite, with increased magnifications from
(a) to (b).

Fig. 9 shows the TEM picture of ANF-10A (ANF was covered
10vol.% of alumina) composite nanofiber. According to TEM
examination, ANF covered with Al,O5 consist two zones, where
the relative core diameter is smaller (compare with Fig. 6 for ANF-
0). During these studies, it was not possible to see a clear difference
between the extra homophase layer of deposited alumina and
original extra alumina shell (Fig. 6), as both seem to constitute a
continuous structure of the shell of ANF-A10.

The effect of zirconia and alumina nanolayers addition on the
mechanical properties of ANF was estimated by measuring
microhardness in the consolidated state. Undoped ANF after hot
isostatic pressing was found to have hardness of ~830+43 HV
(500¢g load) that is lower than commonly described nanostruc-
tured a-alumina. It is expected because the ANF material mainly
has retained the y-phase state. The hardness of sintered ANF-10A
was found to be of 30% higher (1090 =70 HVw.) and for ANF-10Z is
55% higher (1283 + 68 HV) compared to undoped ANF.

4. Conclusions

The alumina composite nanofibers (ANF) (undoped and doped
with 10% of alumina and zirconia) were prepared by chemical
liquid deposition (CLD) method. Thermal analysis of decomposi-
tion kinetics of nitrate dopants shown them to be completely
decomposed over 600°C, although the reaction paths are rather
complex and cannot be clearly verified by thermal analysis alone.

Nevertheless, the DSC and TG have given enough data to perform a
formal kinetic analysis and to make optimized thermal treatment
of the doped ANF with nearly linear decomposition rate.

The microstructure of ANF after thermal treatment represents a
clear core-shell type, where dopants are uniformly distributed
along the fiber longest axis. In the case of zirconia, deposited layer
fine structure can be observed, but for alumina dopant, there is no
clear separation between original ANF alumina and that brought in
by CLD process.

The hardness of the sintered doped ANF nanocomposites was
30% (with alumina) and 55% (with zirconia) higher than undoped
ANF at the identical sintering conditions.

Acknowledgments

This work was supported by institutional research funding IUT
19-29 of the Estonian Ministry of Education and Research.
Archimedes targeted grant AR12133 (NanoCom) is also gratefully
appreciated for supporting this study. Dr. F. Rubio-Marcos is also
indebted to CSIC for a “Junta de Ampliacién de Estudios” contract
(ref. JAEDOCO071), which is co-financed with FEDER funds. The
authors would like to thank Dr. M.A. Rodriguez (CSIC, Instituto de
Ceramica y Vidro) for helpful discussion of the results.

References

[1] M. Aghayan, N. Voltsihhin, M.A. Rodriguez, F. Rubio-Marcos, M. Dong, .
Hussainova, Functionalization of gamma-alumina nanofibers by alpha-
alumina via solution combustion synthesis, Ceram. Int. 40 (8A) (2014)
12603-12607.

[2] AM. Azad, M. Noibi, M. Ramachandran, Fabrication and characterization of 1-
D alumina (Al,03) nanofibers in an electric field, Bull. Polish Acad. Sci. Tech. Sci.
55 (2007) 195-201.

[3] M. Aghayan, . Hussainova, M. Gasik, M. Kutuzov, M. Friman, Coupled thermal
analysis of novel alumina nanofibers with ultrahigh aspect ratio, Thermochim.
Acta 574 (2013) 140-144.

[4] M. Gasik, P. Ostrik, E. Popov, Non-oxide ceramics with nano-layers made by
chemical liquid deposition process, Brit. Ceram. Trans. 92 (5) (1993) 209-213.

[5] P.Lukas, M. Vrana, . Saroun, V. Ryukhtin, J. Vleugels, G. Anne, O. van der Biest,
M. Gasik, Neutron diffraction studies of functionally graded alumina/zirconia
ceramics, Mater. Sci. Forum 492-493 (2005) 201-206.

[6] M. Gasik, B. Zhang, Optimization of sintering of zirconia/alumina functionally
graded material, Functionally Graded Materials, VII, TransTech Publ,
Switzerland, 2003, pp. 183-186.

[7] Y. Zhao, R.L. Frost, W.N. Martens, H.Y. Zhu, XRD, TEM and thermal analysis of
Fe-doped boehmite nanofibres and nanosheets, ]. Thermal Anal. Calorim. 90
(3) (2007) 755-760.

[8] J. Yang, R.L. Frost, Y. Yuan, Synthesis and characterization of chromium-doped
boehmite nanofibres, Thermochim. Acta 483 (2009) 29-35.

[9] E. Liu, Synthesis of one-dimensional nanocomposites based on alumina
nanofibers and their catalytic applications, PhD Thesis, Queensland University
of Technology, 2011.

[10] D.E. Clark, J.J. Lannutti, Phase transformations in sol-gel derived aluminas, in:
L.L. Hench, D.R. Ulrich (Eds.), Ultrastructure Processing of Ceramics, Glass, and
Composites, John Wiley and Sons, NY, 1986, pp. 126-141.

[11] J.M. McHale, A. Navrotsky, A.J. Perrotta, Effects of increased surface area and
chemisorbed H,O on the relative stability of nanocrystalline y-Al,O3 and
a-Al503, J. Phys. Chem. B 101 (4) (1997) 603-613.

[12] Y. Wang, ]. Wang, M. Shen, W. Wang, Synthesis and properties of thermostable
y-alumina prepared by hydrolysis of phosphide aluminium, J. Alloys Compd.
467 (2009) 405-412.

[13] R.-S. Zhou, R.L. Snyde, Structures and transformation mechanisms of the m, vy,
and 6 transition aluminas, Acta Cryst. B 47 (1991) 617-630.

[14] M. Gasik, FR.S. Sale, Decomposition of precipitated aluminium hydroxide
studied by simultaneous thermal analysis, Proc. 10th ICTA Congress, Hatfield,
UK, 1992, pp. 25.

[15] P. Southon, Structural evolution during the preparation and heating of
nanophase zirconia gels, PhD Thesis, University of Technology, Sydney, 2000.

[16] K. De Buysser, PF. Smet, B. Schoofs, E. Bruneel, D. Poelman, S. Hoste, I. Van
Driessche, Aqueous sol-gel processing of precursor oxides for ZrW,Og
synthesis, ]. Sol-Gel Sci. Technol. 43 (2007) 347-353.

[17] M.E. Brown, D. Dollimore, A.K. Galwey, Reactions in the solid state, in: C.H.
Bamford, C.EH. Tipper (Eds.), Comprehensive Chemical Kinetics, 22, Elsevier,
Amsterdam, 1980, pp. 340.



Paper IV. Aghayan, M.; Hussainova, [., Fabrication of NiO/NiAl2O4
nanofibers by combustion method. Key Engineering Materials.
2016, 674, 31-34.
DOI:10.4028/www.scientific.net/ KEM.674.31.

87






Key Engineering Materials Submitted: 2015-06-01

ISSN: 1662-9795, Vol. 674, pp 31-34 Revised: 2015-06-15
doi:10.4028/www.scientific.net/KEM.674.31 Accepted: 2015-06-15
© 2016 Trans Tech Publications, Switzerland Online: 2016-01-22

Fabrication of NiO/NiAl204 nanofibers by combustion method

Marina Aghayan®?", Irina Hussainova'?®

'Tallinn University of Technology, Department of Materials Engineering, Ehitajate 5, 19180 Tallinn,
Estonia
2T™mMO University, Kronverksky 49, St. Petersburg, 197101, Russian Federation
®marina.aghayan@ttu.ee, ° Irina.Hussainova@ttu.ee

Keywords: nickel aluminate, nanofibers, combustion synthesis, glycine.

Abstract

Nickel aluminate spinel (NiAI204) has received attention as a catalyst solid support due to its
stability, strong resistance to acids and alkalis and high melting point. The properties and quality of
the catalysts are heavily affected by crystal size, morphology, phase homogeneity and surface
characteristics of the materials, which themselves are dependent on method and parameters of
processing rout. In this work, we report on the fabrication of novel NiAl204 nanofibers covered by
NiO nanolayer by combustion method.

The XRD patterns show that the combustion technique was excellent to prepare NiO/NiAl204
nanofibers. The crystallite sizes of NiAl204 and NiO were found to be around 27 and 19 nm
correspondingly. Scanning electron micrographs (SEM) and Energy dispersive X-ray (EDX)
analysis showed that the NiO/NiA1204 nanofibers with more than 20 nm in diameter were consist
0of NiAI204 core and NiO outer layer.

Introduction

Nickel aluminate (NiA1204) is a transition metal ion spinel material with common spinel structure,
in which Al occupies the octahedral and Ni the tetrahedral sites. Nickel aluminate exhibits good
chemical stability in acidic and alkaline conditions. It has a high melting point and a stable structure
at high temperatures [1]. Moreover, nickel aluminate and/or nickel oxide doped nickel aluminate is
considered as a very effective catalyst material in many chemical processes [1-6]. Therefore,
NiAl204 and/or NiO/NiAl204 composition is extremely important material for many industrial
applications, including catalysis.

Usually, the nickel aluminate spinel powder is synthesised by the high-temperature solid-state
reactions between the constituent oxides. The produced particles are large in size (> 1 pm) and of
wide size distribution. Several preparation methods have been applied to obtain the crystalline
nickel aluminate spinels of ultra-fine grains, among others there are: sol-gel synthesis, sono-
chemical method, microwave heating, mechano-chemical [7] and polymer solution. Solution
combustion is one of the advantageous methods for synthesis of the nickel aluminate powder using
the well adjusted proportions of nickel and aluminium nitrates.

The essential requirements for the preparation of the materials with well controlled uniformity and
high-purity encourages the development of wet chemical methods described in [8]. The method
comprises steps of adding nickel nitrate into a suspension liquid of nano-grade aluminium oxide,
adding dispersant, stirring to obtain a mixed solution, dropping ammonia to obtain nickel-ammonia
complex ([Ni(NH;)s]*")-alumina mixed solution and water under stirring to obtain green precipitate,
washing, drying and inducing a carbon thermo-reduction calcination to obtain the final product. The
nano-powder of NiAI204 consists of the particles with average particle size < 100 nm. One of the
important methods to prepare aluminates is a combustion route described elsewhere [9]. A process
includes proportionally mixing the nickel nitrate, aluminium nitrate and urea to obtain the solution,
which was put into a preheated furnace to produce NiAl204 material. The advantage of the solution
combustion technique is the quasi-atomic dispersion of the component cations in the liquid
precursors, which facilitates synthesis of the crystallized powder with a small particle size and a
high purity at low temperatures [10, 11].
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One-dimensional (1D) structures have received great attention due to their specific properties and
potential applications. Furthermore, the development of methods for synthesizing a wide variety of
1D structures of novel materials has become increasingly important. Their configurations with a
large specific surface area indicate their potentially useful physical and chemical properties.
Accordingly, a variety of applications including electrodes, sensors, and insulators is expected.

Kim et al. [12] have succeeded in growing cubic submicron-sized NiAl204 rods on sapphire
substrates by means of heating mixture of NiO and graphite powders. According to the SEM images
given in the paper, the diameter of the rods is > 100 nm and the length is less than 3 pm.

In the present paper, we report on the fabrication of 1D nickel aluminate spinel nanofibers at the
submicron scale. This has been performed by combustion synthesis using bundle of the alumina
nanofibers, described elsewhere [13], and nickel aluminate as precursors and glycine as a fuel.

Experimental

5.7 g of nickel (I) nitrate hexahydrate [Ni(NO3)2*6H20] ( >98.5%, Sigma-Aldrich) as a source of
nickel and 1.6 g of glycine [C2HSNO2] (=299%, Sigma) as a fuel were dissolved in 15 ml of
deionized. The obtained solution was dropped onto 2 g of bundled alumina nanofibers (ANF) with 7
nm in diameter and 50 mm in length and left 30 minutes at room temperature for homogenization.
The wetted bundles of ANF were placed on a netting, which was placed in a preheated muffle
furnace at 400 °C and left there for 30 min.

The phase identification of the combustion product was carried out by X-ray diffraction using a
Bruker diffractometer (D8) with CuKoa radiation at 40 kV in a scanning range ® from 200 to 700
with a step of 0.020. The morphology of the obtained product was examined by Scanning electron
microscopy (SEM Zeiss EVO MA 15, Germany) and 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 EDXS (energy dispersive X-ray spectrometer) INCA
x-sight (Oxford Instruments) was used for chemical elemental analysis.

Results and discussion

Combustion synthesis is an attractive method to synthesis different materials with different shapes
and scale due to its rapidness, simplicity and flexibility. This process not only allows to produce
nanosized oxide materials but also allows uniform, nanoscale deposition of different materials in
nanoscale matrix in a single step. The method requires addition of fuel to the metal nitrate solution
and ignition of this fuel at an appropriate temperature. The self-sustaining process of fuel burning,
decomposition of nitrate and oxidation of the metal ion takes place simultaneously and results in the
formation of the appropriate product. As the process is accompanied by large quantities of gases
(COx, NOy, N2 and H20) the as obtained products are in fine particles with a high surface area. For
preparation of 1D NiO/NiAl204, the wetted alumina nanofibers were combusted at 400 °C as it was
described above. The X-ray diffraction pattern of the synthesised combustion product is shown in
Fig.1. Although the appropriate amount of Nickel nitrate and alumina is used in order to obtain
single NiA1204 phase, NiO cubic phase is obtained in detriment to NiAI204 cubic spinel. The
presence of NiO phase in the synthesis of NiAl1204 has also been reported by other researchers [14-
15].

The peaks of both NiA1204 and NiO phases are quite broad and indicate the fine particle nature
of the product. The crystallite sizes, D were calculated using Scherrer’s formula—D = 0.9A/Bcos6,
where A is the radiation wavelength of the X-rays (0.15406 nm, Cu Ka radiation) and 0 is the
diffraction peak angle, B is the corrected half width of the diffraction peak. The obtained cubic
NiAI204 with normal spinel structure with lattice constants a=8.048A has crystal size of about 19
nm, while cubic NiO with lattice constants a=4.177A has crystal size of 27 nm.
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Figure 1. X-ray diffractogram of the combustion product.

The morphology of combustion products is shown on the SEM and TEM images (Figure 2). 1D
NiAI204 nanostructures produced with the help of the present route typically have diameters
ranging from ~ 20 to several tens of nanometres and with lengths up to several tens of microns.
However, the shape of the initial alumina nanofibers were kept to by fibrous, while the diameter of
the fibres slightly increases after combustion process due to phase change. As well as, NiO phase
serves like a glue for NiAl204 fibres bonding them together. The threadlike microstructures
corresponded to diameters in a relatively wide range with the aspect ratio well above 10™. It should
be noted, that the combustion process could produce a huge amount of heat, and results in high
temperatures [16]. Meanwhile, a big amount of gases eliminates during this process, which provides
high cooling rate, consequently rapidness for the process. Due to this features of combustion
method, it was possible to obtain fibres at nanoscale. The chemical composition analysis by EDX
spectroscopy shows that the atomic ratio of Ni atoms to Al atoms is 0.9. However, the further
insight into the structure of the nanofibers shows (EDX) that the core nanofiber is wrapped in a
uniform thin outer layer of NiO.

Figure 2. (a) SEM image of the combustion product; (b) TEM image of the combustion product

Conclusions

In conclusion, we succeeded in synthesizing NiAl204 nanofibers covered with homogeneous layer
of NiO by combustion method without any additional step. The obtained fibers has diameter ranging
from ~ 20 to several tens of nanometres and with lengths up to several tens of microns.
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Abstract. Copper oxide-doped alumina nanofibres were fabricated by the solution combustion method. The bundled alumina
nanofibres were impregnated with a copper nitrate—glycine (oxidizer—fuel) solution and heat-treated in an open-air environment at
400°C for 30 min. The microstructure and phase composition of the final product were characterized by XRD, SEM, and EDS
analyses. A uniform distribution of a fine-grained CuO film on the surface of gamma-alumina nanofibres was revealed. The
obtained results showed a dramatical effect of the amount of fuel, the ratios of fuel to oxidizer and fibres to Cu(II) ions in the
reaction mixture on the particle size of the combustion product, its phase composition, and microstructure morphology.

Key words: copper oxide, alumina, nanofibres, solution combustion synthesis.

INTRODUCTION

The synthesis and application of CuO nanostructures
are of practical and fundamental importance for gas and
bio-sensors [1,2], photodetectors [3], electrode material
in lithium ion batteries [4], etc. due to their high
theoretical capacity, hazard-safety, and environmental
friendliness. Other major applications of CuO
nanostructures include solar energy conversion [5],
supercapacitors [6], removal of inorganic pollutants [7],
heterogeneous catalysts [8—10], etc.

The CuO nanoparticles are characterized by a
high surface area combined with high reactivity.
Furthermore, heterogeneous catalysts can be easily
separated and recycled, which is beneficial for their
industrial use. Due to the versatile properties of the
nanostructured CuO, it has been synthesized through

: Corresponding author, masoud.taleb@ttu.ee

solid-phase reaction method [11], sol-gel method [12],
thermal decomposition process of precursor [13], electro-
chemical methods [14], vapour-phase deposition [15],
and many other techniques. Among these techniques the
solution combustion synthesis (SCS) is a unique widely
used method for the production of different types of
nanomaterials [16-19] due to its versatility and simplicity
as well as cost-effectiveness.

However, one-step synthesis of nano-CuO particles
on a specific carrier is of special interest. For this
purpose, a solution combustion synthesis method
accompanied by an impregnation method was used to
deposit a copper oxide nano-layer on commercially
available gamma-alumina nanofibres [20]. The aim
of the present work was to study the effect of glycine
as a fuel, the ratios of fuel to oxidizer and alumina
nanofibres (ANF) to Cu(Il) ions, as well as the chemical
composition and morphology of as-formed powders on
the combustion behaviour.



EXPERIMENTAL

Copper nitrate trihydrate [Cu(NO;),-3H,0] (=98%,
Sigma-Aldrich) as the source of copper oxide and
glycine [C,HsNO,] (299%, Sigma) as the fuel were
dissolved by a deionized water and mixed during
10 min by a magnetic mixer for homogenization. The
obtained solution was dropped onto bundled ANF 7 nm
in diameter and 50 um in length and kept for an hour at
room temperature. The wetted bundles were heat-treated
at 400°C for 30 min in a preheated muffle furnace
where the combustion process takes place.

The combustion product phase identification was
performed by an X-ray diffraction using a Bruker
diffractometer (D8) with CuKa radiation at 40 kV and
scan rate of 0.02 °/s. The morphology of the obtained
product was examined by Zeiss EVO MA-15 scanning
electron microscope (SEM) (Germany). An energy
dispersive X-ray spectrometer (EDS) (INCA x-sight,
Oxford Instruments) was used for chemical elemental
analysis.

RESULTS AND DISCUSSION

The proportions of the prepared three kinds of samples
are presented in Table 1. In samples S1 and S2 the
copper nitrate to glycine ratio is stoichiometric, while
the ANF to copper nitrate-glycine ratio is changed.
In sample S3 the amount of copper is twice larger than
stoichiometric.

The X-ray diffraction patterns of the synthesized
combustion product (S1 and S3) containing different
amounts of glycine are shown in Fig. 1. As it can
be seen, mainly CuO is obtained as a result of the
combustion of the stoichiometric mixture (f= 1) (Fig. 1,
curve (a)). However, at fuel-rich composition (f'=2)
(Fig. 1, curve (b)) the X-ray diffraction (XRD) pattern
mostly contains CuO diffraction lines. Low intensity
of CuAlO, and Cu,O diffraction lines can also be
registered. The formation of reduced copper oxide along
with CuO points to a decreasing oxygen concentration.
In this case the oxygen is supplied to the system in two
ways: from the decomposition of copper nitrate and
from air. It is supposed that when the supply of oxygen

Table 1. Composition of the initial compounds

Number | Content | Amount Amount of Amount
of sample | of copper | of ANF, | Cu(NO;),-:3H,0, |of glycine,
mg mg mg
S1 High 1.8 7.3 2.5
S2 Low 1.8 0.73 0.25
S3 High 1.8 7.3 5
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Fig. 1. XRD pattern of the combustion product using (curve a)
the stoichiometric amount of fuel (f= 1) and (curve b) a fuel-
rich mixture (f'=2).

is not sufficient in the combustion system, metals or
their reduced oxides or fuel contaminations may form.
When the amount of fuel was increased, only CuO phase
was determined. This is caused by the smaller size of
the particles, which can oxidize very fast in air after the
combustion process. Pure Al,O; is not found on the
XRD pattern because of the large difference in the
atomic scattering factors of copper and aluminium and
low content of alumina in the combustion product.

The SEM images of the combustion product with a
low and a high content of CuO are presented in Fig. 2.
It is obvious that the CuO particles are developed as
separate fine-sized particles in the mixtures with the low
concentration of CuO (Fig. 2a and b). The CuO particle
sizes can be further decreased by increasing the amount
of glycine in the starting mixture at a constant content of
CuO (Fig. 2b and c).

It should be noted that a high concentration of glycine
results in an increase in the temperature of the combustion
process. The adiabatic combustion temperature can
increase up to 1890°C as calculated by ISMAN-
THERMO software [21]. A high combustion temperature
could create suitable conditions for further CuO particle
growth and agglomeration. On the other hand, the extra
amount of glycine also results in an increase in the
amount of the emitted gas due to a reaction with oxygen
from the environment. As a result, the gas outflow
decreases the system’s energy more rapidly and hampers
further particle growth and agglomeration (Fig. 2b).
During the combustion process, the developed CuO
nanoparticles remain separated from one another on the
surface of ANFs.

As presented in Fig. 2a, CuO is present in a wide
range of particle sizes starting from some nanometres up
to 200 nm. The EDS analysis proved that nanoparticles
located in between nanofibres were copper oxide
(Fig. 2b).
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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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