
TALLINN UNIVERSITY OF TECHNOLOGY 

FACULTY OF CHEMICAL AND MATERIALS TECHNOLOGY 

DEPARTMENT OF MATERIAL SCIENCE 

 

The template-assisted wet-combustion synthesis of mesoporous 

core-shell structured materials. 

Master Thesis 

 

Nikhil Kumar Kamboj 

 

Supervisor: Prof. Irina Hussainova 

Co- supervisor:  Marina Aghayan 

Materials and Processes of Sustainable Energetics  

Tallinn 2016 

  



 

 

 

Declaration 

Hereby I declare that this master thesis is my original investigation and achievement, 

submitted for the master degree at Tallinn University of Technology has not been submitted 

for any degree or examination. 

 

 

Nikhil Kumar Kamboj 

 

 

 

 

 

 

 

 

 

 

 

 

 



TALLINNA TEHNIKAÜLIKOOL 

KEEMIA- JA MATERJALITEHNOLOOGIA TEADUSKOND 

Materjaliteaduse instituut 

Mudel-abistatud märg-põlemise meetodil mesopoorsete 

kärgmaterjalide süntees 

Magistritöö 

 

Nikhil Kumar Kamboj 

 

Juhendaja: Prof. Irina Hussainova 

Kaasjuhendaja: Marina Aghayan  

Materjalid ja protsessid jätkusuutlikus energeetikas 

Tallinn 2016 

  



4 

 

 

CONTENTS 

ABBREVIATIONS AND ACRONYMS ....................................................................................... 5 

1. INTRODUCTION .................................................................................................................... 6 

2. REVIEW OF LITERATURE ................................................................................................. 7 

2.1 PROPERTIES AND APPLICATIONS OF ALUMINA .................................................................................................. 7 

2.2 THE UNIQUE PROPERTIES OF ALUMINA NANOFIBERS. ..................................................................................... 10 

2.2.1 Fabrication of alumina nanofibers ............................................................................................................. 12 

2.3 NANOCOMPOSITES BASED ON ALUMINA NANOFIBERS. .................................................................................... 13 

2.4 SYNTHESIS OF NANOCOMPOSITES .................................................................................................................... 15 

2.5 OBJECTIVES ...................................................................................................................................................... 16 

3. EXPERIMENTAL AND MATERIALS .............................................................................. 17 

3.1 DESIGNING THE SYSTEM ................................................................................................................................... 17 

3.2 CHARACTERIZATION TECHNIQUES .................................................................................................................. 18 

3.2.1 X-ray Diffraction ......................................................................................................................................... 18 

3.2.2 Scanning electron microscopy .................................................................................................................... 19 

3.2.3 In-situ Thermal Analysis ............................................................................................................................. 20 

3.2.3.1 Differential thermal analysis and Thermogravimetric analysis ................................................................. 20 

3.2.3.2 Pyrometric analysis ........................................................................................................................................ 20 

3.2.4 Magnetic Properties..................................................................................................................................... 21 

4 RESULTS AND DISCUSSION ............................................................................................. 22 

4.1 CHARACTERIZATION OF PRISTINE ALUMINA NANOFIBERS ............................................................................. 22 

4.2   NICKEL OXIDE BASED NANOCOMPOSITES ......................................................................................................... 24 

4.3 IRON OXIDE BASED NANOCOMPOSITES............................................................................................................. 31 

5. CONCLUSIONS ..................................................................................................................... 38 

6. RÈSUMÈ ................................................................................................................................. 40 

7. RESÜMEE .............................................................................................................................. 42 

8. REFERENCES. ...................................................................................................................... 43 

9. ACKNOWLEDGEMENTS ................................................................................................... 50 

 



5 

 

ABBREVIATIONS AND ACRONYMS 

ANF – Alumina nanofiber 

EDS - Energy dispersive spectroscopy  

1D- one dimensional 

DTA - Differential thermal analysis 

DSC - diffraction scanning calorimetry 

SEM – Scanning electron microscope  

TEM – Transmission electron microscope 

TG - Thermogravimetric 

TM - Transition metal 

XRD – X-ray diffraction 

wt.% – Weight percentage 

SCS – Solution Combustion Synthesis 

SHS - Self-propagating High temperature Synthesis 

VC S – Volume Combustion Synthesis 
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1. INTRODUCTION 

The extensive growth of the population of the world challenges to create new materials 

with enhanced functionality and lifetime expectancy [1]. The state-of-art in research today 

involves development of new methods to design and create “exotic” materials in the form of 

nanoparticles, nanofibers, nanolayered structures, bulk monolithic, single-/poly-crystalline, 

glassy, composites, and cellular structures. Another challenge is to study the morphology 

properly, characterize the properties and compute process-structure and structure-property 

correlations.  

Recent advances in research on 1D nanostructures indicates that, specially nanofibers 

have wide range of predefined properties and are widely applied as catalyst support (a high 

aspect ratio combined with a large surface area), bio-sensors, membranes, and nanofillers for 

advanced composites. Materials with one-dimensional (1D) nanostructure are preferred 

building blocks for catalytic nano-architecture, and can be used to fabricate designed catalysts 

[31], as well as, in turning dielectric materials electrically conductive (typically with carbon 

nanotubes). In many cases it is favorable to have a continuous network of fibers, which, 

however, cannot be achieved using current nanofibers. Typical length of nanofibers produced 

nowadays is between 100 nm to 100 μm. This means that they can be used as a dispersion of 

discrete fibers of bundles in matrix material. Additionally, there is a problem of nanoparticles 

agglomerating within the matrix material that gives weak points to the resulting matrix. 

Longer fibers can be arranged into a continuous network which will significantly improve the 

mechanical properties of matrix material. This continuous network could be formed either by 

nonwoven (e.g. by wet-laying; needle punching or similar) or woven techniques. The latter 

expects the ability to spin nanofibers into yarns which is not possible in the case of short 

nanofibers. Such self-standing nanofiber structures would combine good properties of 

nanofibers (e.g. high strength, high surface area) with good properties of textile materials (e.g. 

flexibility, tear resistance).  

In the thesis, one such material, a mesoporous network of alumina nanofibers, was used 

as a precursor to prepare a range of nanocomposites, mainly NiO-Al2O3, NiO-MgO-Al2O3, 

NiO-CeO2-Al2O3 and Fe2O3-Al2O3, which could open new doors of application. Utilizing the 

specific properties of alumina nanofibers, a macro-mesoporous nanocomposite, which consist 

of an aligned fibrous nanocomposite was synthesised via wet-combustion method, recently 

developed in Tallinn University of Technology. This method is combination of sol-gel, dip 
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coating and combustion synthesis method. Thus, the mesoporous network of alumina 

nanofibers was wetted by a reactive solution containing the metal precursor and organic fuel, 

followed by the heat treatment until self-ignition and combustion-synthesis of the desired 

material. The organic fuel can act as metal dispersing and complexing agent, and provide 

homogeneous distribution of metal precursors throughout the mesoporous network. After 

heating the wetted specimen at 400oC, ignition of combustion in the nanopours mesoporosity 

of the bundles of fibers takes place in a short time (timescale of seconds) and large amount of 

gases evolve leading to the synthesis of nanometric materials with unique properties without 

further calcination. In particular, the wet-combustion synthesis enables to synthesise-deposit 

wide range of materials and their morphology can be studied in single-step and cost-effective 

way. 

In this work, the mechanism of the wet-combustion process as well as the effect of the 

fuel type and amount on the composition and morphology of the combustion product of the 

mentioned system is thoroughly studied by various characterization methods which include 

XRD, SEM-EDS, magnetic properties, DTA/TG and pyrometer techniques.  

 

2.   REVIEW OF LITERATURE 

2.1 Properties and applications of alumina 

Aluminum oxide (Al2O3) or alumina is one of the most important ceramic material that is 

widely used in many technological applications such as electrical insulators, catalyst supports 

[2,3] filters, abrasive and thermal wear coatings, etc. Alumina exists in many metastable 

forms (transition aluminas), such as γ-, δ-, η-, θ-, κ- phases and thermodynamically stable α- 

Al2O3 phase, which is the only stable form at any pressure and temperature [3].  

The transition aluminas are derived by thermal dehydration of aluminum hydroxide 

precursors. (Fig.1) The transformation of the boehmite to γ-Al2O3 is of particular interest as γ-

Al2O3 is regarded as the most important transition in alumina. The γ-Al2O3 is one of the most 

important catalytic support due to large surface area, high catalytic activity, however, it 

transforms rapidly to -Al2O3, accompanied by loss of porosity and specific surface area.  
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        Figure 1 Phase transitions of metastable aluminum polymorphs towards the 

formation of α-Al2O3 (adapted from ref [8]). 

Thus, an understanding of the structures of polymorphs of alumina would therefore be of 

great importance. γ-Al2O3 is estimated to have a defect cubic spinel structure in Fig.2 (a). The 

unit cell of the spinel, Mg8[Al16]O32, is formed by a cubic close stacking of 32 oxygen atoms, 

16 aluminum atoms occupying one-half of the available interstices, and 8 magnesium atoms 

in tetrahedral holes. γ- Al2O3 (Al8[Al(40/3) (8/3)]O32) has aluminum cations distributed over the 

octahedral and tetrahedral interstitial sites defined by the oxygen anion sub lattice [5]. The 8/3 

cation vacancies ( ) per cubic unit cell are attributed to the octahedral sites to satisfy the 

correct stoichiometry of aluminum oxide. This leads to the cation vacancies of Al3+ vacancy 

defect sites and the hollow structure of γ-Al2O3 [6].    

By annealing γ-Al2O3 transforms to α-Al2O3 in Fig 2(b) via δ and θ-Al2O3. The transition 

temperatures between metastable aluminas into stable α-Al2O3 (oxygen atoms form a hcp 

packing of spheres where 2/3 of the octahedral vacancies are occupied by aluminum atoms) 

are varied with the particle size, defect density and presence of seeds [7]. 
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       Figure 2 The structure of (a) γ-Al2O3 and (b) α-Al2O3 with color code (Al grey and O 

red) (Ref [4]). 

In particular, the particle size of alumina nanoparticles has been identified as one of the 

crucial factors controlling the relative stability of γ-Al2O3. The defective metastable aluminas 

with smaller particle size have higher surface energy. An alumina polymorph with lower 

surface energy becomes more stable than one with higher surface energy as the particle size 

decreases (i.e., the surface area increases). However, the phase transformation from γ- to -

Al2O3 is accompanied by dramatic loss of surface area (Table 1) 

 

Table 1 Represents the polymorphs of alumina with Specific Surface Area (Ref [7]). 

Polymorphs of 

Alumina 

Specific surface 

Area(SSA) 

γ-Al2O3 179 m2 /g – 497 m2 /g 

δ-Al2O3 156 m2 /g – 230 m2 /g 

θ-Al2O3 11 m2 /g – 200 m2 /g 

α-Al2O3 2 m2 /g – 17 m2 /g 

 

The applications of alumina are numerous. Alumina is used as a catalyst due to its 

textural properties, such as surface area, good design in dust free pneumatic loading and low 

abrasion for dust formation. High macroporosity provides excellent catalytic activity and pore 

size distribution [9-11]. Alumina catalysts are considered as the most effective components 

for methane steam reforming [26]. Various polymorphs of alumina are investigated for using 
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alumina as a catalyst. Most of commercial supports in the industry focus on γ-Al2O3 in α-

Al2O3 co-precipitated or in impregnated catalysts form.  

Alumina is also used as a catalytic support. Properties important for determining the 

activities of catalyst support are surface area, crystallite size, pore size, and pore size 

distribution and in literature Al2O3 is regarded as the best catalyst support [12]. Study by 

Ganley J.C et al [13] concluded that alumina as a support on metal catalyst nickel, increases 

the catalyst dispersion by factors around 2 to 3. 

Thus the polymorphs of alumina have different physical properties (e.g. density, 

dielectric constant, energy gap, acid-base properties, etc) from each other and have different 

applications. The κ-Al2O3 finds its application in surface coating of cutting tools because of 

its extreme hardness [15]. Due to high surface area and porosity [16] of γ-Al2O3 it is used as a 

catalytic support and promoter in the catalyst industry [17]. 

2.2 The unique properties of alumina nanofibers. 

Nanofibers possess different unique properties compared to the microscale fibers made of 

the same material. Recently, the synthesis and application of one-dimensional (1D) 

nanomaterials including nanofibers, nanowires, nanorods, and nanotubes have attracted great 

attention because of unique and enhanced properties [18, 19, 86], which make them potential 

materials for the next generation nano-devices and emerging applications which are illustrated 

in Fig.3. 

Amongst the 1D nanomaterial, alumina nanofibers have drawn tremendous attention. 

Alumina nanofibers are reported to have high strength, excellent chemical stability, low 

thermal conductivity, good electrical insulation and are prone towards corrosion resistance 

Apart from that, alumina nanofibers possess ultimate tensile strength and enormous 

specific surface area combined with nanoscale fiber diameter. Superior tensile strength is 

attributed to the purity in crystal structure where tensile strength is quite close to the 

theoretical value of the inter-atomic bond strength. Such fibers would be very attractive 

reinforcement materials in all sorts of composite materials, but especially in ceramic and 

metal matrix composites where polymer fibers cannot be used due to high processing 

temperatures that polymers cannot withstand. The super high aspect ratio of nanofibers can 

form a continuous network that is productive in stopping crack propagation in fragile ceramic 

matrix, for example. Compared to microscale reinforcement fibers the weight fraction of 

nanofibers is considerably smaller making the resulting composite lighter [20]. This is 
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especially important in transportation applications (e.g. ceramic brakes, bearings and other 

components) [86]. 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. 

The alumina nanofibers, developed in Estonia, combines large surface area, surface 

properties of γ-alumina, and high chemical purity, which makes them an excellent choice for 

catalyst and filtering applications. Nanoscale fiber diameter has a potential to considerably 

reduce diffusive resistances in catalytic systems ensuring better accessibility to catalytic sites 

therefore enhancing catalyst efficiency [21-23]. Alumina nanofibers act as a precursor for 

building structured catalysts.  

Nanofibers with high aspect ratio are favorable also, considering health and safety risks. 

Compared to typical nanotubes and other nanoparticles, nanofibers of high aspect ratio form 

larger agglomerates so that it prevents from the danger of inhalation or skin penetration, for 

example, is considerably smaller than in the case of conventional nano-size particles [86]. 

Webster et al. [24] proved that alumina nanofibers are promising materials for orthopedic 

applications, their in vitro study to determine osteoblast functions (specifically, adhesion, 

alkaline phosphatase activity and ability to deposit calcium) on alumina nanofibers of various 

crystalline phases was commendable.  

Interest in alumina nanofibers as membranes increases intensively, compared with the 

conventional membranes, alumina nanofibers enable to filter out viruses and waterborne 

pathogens from the blood. Moreover, they are resistive towards crack propagation [25]. 

Alumina nanofibers membranes are also used for enhancing hemodialysis [14]. 
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          Figure 3 Represents the potential applications of alumina nanofibers. 

2.2.1    Fabrication of alumina nanofibers  

  Combination of the mentioned unique properties of alumina nanofibers, opens wide 

range of advanced applications. However, in practice, the use of nanofibers in ceramic 

composites and catalyst systems is not very well established, because of the high price of the 

existed functional nanofibers, final product of the production techniques, which would allow 

to obtain functional nanofibers in an industrial scale in a cost effective way. 

 Nevertheless, there are different techniques used for alumina nanofiber production. 

Alumina nanofibers were synthesized by hydrothermal synthesis, which resulted in rod-like 
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nanofibers with diameter of 15-20 nm and aspect ratios of 10 to 20 (300 nm to 400 nm long) 

[26]. Sol-gel technique allowed to synthesis fibers with 2 nm in diameter and 70 nm in length 

[20]. Zhu et al. [32] obtained γ-alumina nanofibers from aluminium hydrate with poly 

(ethylene oxide) surfactant and has the potential application to be used as a catalyst. Both 

hydrothermal and sol-gel processes include the hydrolysis of starting aluminium compound, 

aging of the sol over 24 hours. Typical factors influencing the quality of resulting fibers 

depends on many aspects including:  the nature of the starting material, whether a surfactant 

or templating agent is used, the amount of water used, the aging time in the hydrolysis, the pH 

value of the reaction mixture, and the hydrothermal temperature. Hence such processes are 

complicated and time consuming. Moreover, usually, after those processes calcination is 

needed which requires keeping nanofiber precursors at elevated temperature (typically 

ranging from 500 up to 1200 0C) for several (typically from 1 to 5 h) hours depending on the 

calcinations temperature. This can result in agglomeration and control over size of the 

product. Non-crystalline alumina nanofibers were prepared by flame aerosol method of 2–10 

nm in diameter and 20– 210 nm in length [27].  Mercury mediated method was used to 

fabricate well aligned amorphous fibers with diameters of 5-15 nm and length of several μm 

[28]. Crystalline nanowires of size around 50 nm in diameter and around 2 μm in length were 

synthesized by vapor-liquid-solid process [29].  

Electrospinning is a recently developed, widely used technique, which enables to achieve 

long (up to several centimeters) alumina nanofibers with diameters ranging from 20 to 1000 

nm [30].  Though long nanofibers can be produced by electrospinning this technique has some 

serious drawbacks. Electrospun fibers are produced as a coating rather than bulk fibers. 

Resulting fibers often form a crosslinked network and are therefore difficult or impossible to 

separate and process further.   

In this work we used alumina nanofibers, developed in Estonia, in which formation 

method is based on growing alumina nanofibers directly from the melt of liquid aluminium. 

Fibers growth takes place at the interface of melt aluminum and ambient atmosphere. The 

analysis has demonstrated that fibers with diameter of 7∓2 nm and maximum length of 

bundles up to 15 mm can be produced. 

2.3 Nanocomposites based on alumina nanofibers. 

Currently nanoscale additives have been studied for enhancing several properties of 

matrix materials. The alumina nanocomposites are regarded as very important ceramic 
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engineering material [33] not only because of the well-known properties of corrosion-erosion-

resistant material but also possibilities of improving these nanocomposites due to its relatively 

cost than other materials. Many researchers have proven that nanofibers enable to enhance 

mechanical properties of ceramic composites better than traditional nanoparticles. To date, 

alumina matrix reinforced with SiC fiber have been reported to have potential applications in 

the high stress area of the heat engines, where good thermal shock properties are required. 

Alumina matrix reinforced with SiC laid the foundation of the composites of alumina-mullite 

and alumina-zirconia materials. These composites share the same applications as of alumina-

SiC composite material [34].  

Zirconia toughened alumina was obtained with the ANF whiskers thoroughly dispersed 

into zirconia matrix, at temperatures ranging from 1000 to 1200 °C, with the help of the spark 

plasma sintering technique [35]. It was concluded that Al2O3-ZrO2 nanofiber composite has 

toughness values is three times higher and strength value two times higher than the 

conventional alumina [36]. To improve the refractoriness and crystalline stability of alumina 

and silicate fibers Glaushkin et al. added Cr2O3 to the fibers [37]. 

The significant improvements in mechanical and electrical properties of alumina 

nanofibers by adding graphene which acts like a support proved by Aghayan et al [38]. 

Alumina nanofibers supports as a nanocomposite for the stabilization of various catalysts by 

intervening the metal cluster. For instance, Pt catalyst supported on the alumina nanofibers 

produces hydrogen from sugars and alcohol [39]. 

The open porous structure, large surface area makes the nanofibrous alumina an 

indispensable material for support for active nanoparticles. Alumina nanofibers have been 

used as supports for stabilizing metal cluster in various catalytic applications.  In this case, 

large average pore diameters decrease the resistance to interior diffusion, minimising the 

diffusion control of chemical reactions.  Alumina nanofibers were proved to be good support 

of nanoscale catalysts for Fischer-Tropsch refining processes [40]. It was clearly 

demonstrated that large surface area of the alumina nanofibers favors the dispersion of the 

cobalt nanoparticles. Shen et al. [41] prepared rod like, thermally stable spinel of Zn-Al 

complex oxide using alumina nanofibers with Zn ion. The synthesized composite material 

acted as environment friendly catalyst for the reduction of NO. The composite catalyst of 

microsilica and alumina nanofibers was proved to be promising materials for capturing tar or 

soot from diesel catalytic converters [42].  
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The nanofibers enable to enhance mechanical properties of ceramic composites better 

than individual composite. Hence, most of the production of the high-alumina composites 

today finds its applications in fabrication of high temperature refractory material and many 

more.  

2.4 Synthesis of nanocomposites 

The realization of unique physical properties of nanostructure composites depends 

critically on the morphology (size and shape) and homogeneity of the components. Numerous 

recent efforts have been directed towards the fabrication of nanocomposites to enhance their 

performance in currently existing applications and to open new prospective areas of 

applications. A viable approach to synthesize functionalized composite materials consists of 

colloidal deposition developed by Shutilov et al [43]. They combined various techniques 

which includes wet impregnation, chemical vapor deposition, deposition precipitation, etc. 

Usually wet-chemical methods are followed by long thermal treatment at elevated 

temperature [44], which often leads to the agglomeration of the deposited particles and their 

broad size distribution. 

Preparation of highly dispersed nanoparticles uniformly distributed over the 

nanostructured template is an actual challenge. Recently, Feng et al. [45] developed a novel 

sol-flame method to fabricate one-dimensional nanocomposites. This method includes 

preparation of solution of metal salt, which coats uniformly the as-prepared nanowires by dip-

coating. Afterwards, the metal salt-coated nanowires are annealed over a flame for a few 

seconds. As a result, nanowires are coated by metal oxides. Due to the high flame temperature 

and short annealing time, nanoscale particles form around the nanowires. 

Aghayan et al. [38] covered alumina nanofibers by graphene layers by catalyst-free one-

step chemical vapor deposition (CVD) process. 

Another possibility to synthesize nanocomposites 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 [46]. 

A template-assisted wet-combustion method based on sol-gel, dip coating and 

combustion synthesis is developed by our group [47, 48 and 49] to fabricate various 

composite nanofibers in a controllable combustion mode in one step. 
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In this work, wet-combustion method was used to fabricate nanoscale composite 

materials. So the effective combination of dip coating and solution combustion prepare 

nanostructures in a simple, controllable and cost-effective way. This method includes the 

preparation of a relative solution containing metal(s) salt(s) and fuel(s). The obtained reactive 

solution of metal nitrate and fuels are doped onto the network of the mesoporous template and 

heated to ignite the combustion process. A second scale combustion takes place in the 

mesoporous structure of the template, which leads to the formation of the nanosized particles. 

A large amount of gases release during the combustion process provides fast cooling of the 

sample. The morphology and chemical composition of the obtained product can be controlled 

by optimizing the initial parameters of wet-combustion method. 

2.5 Objectives  

 The overall objective of the research work is to functionalize, optimize and produce 

mesoporous materials consisting of composite core-shell structured nanofibers. The thesis 

work is aimed to produce fibrous structures for catalysts support substrates and magnets by 

recently developed template-assisted wet-combustion method represented a combination of 

sol-gel, dip coating and combustion synthesis, which was recently developed and patented by 

team of supervisors. 

To meet the research goals, the following sub-goals are underlined: 

 To develop an approach for homogeneous deposition of a metal oxide onto alumina 

nanofibers keeping highly aligned structure of the network. 

 To study the influence of conditions such as fuel type, fuel-to oxidizer ratio, etc. on 

the development of tailored structure. 

 To study the morphology and thermal stability of the product. 

 To study the magnetic properties of the Fe2O3-ANF nanocomposites. 
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3.   EXPERIMENTAL AND MATERIALS 

3.1  Designing the system 

Alumina nanofibers with a single fiber diameter of 7±2 nm and length of 5-7 cm were 

functionalized by four different metal oxides (NiO, MgO, CeO2, Fe2O3) by the wet-

combustion synthesis approach. Metal nitrates as source of metal ion act as oxidizers and 

different organic fuels (glycine, urea and citric acid) as source of energy and reducers used for 

the combustion are dissolved in distilled water to prepare reactive solutions (Table 2). The 

reactive solutions were soaked by the mesoporous network of fibrous alumina. After aging 

and homogeneously distribution of the reactive solution, it spread all over the alumina 

network. The specimen was heated until 400o C for 30 minutes in a muffle furnace, where the 

combustion took place (Fig..4).   

 

Table 2 Constituents for composites fibers processing. 

Compound Purity                    Supplier 

Fe(NO3)3*9H2O >95                       Merck 

Mg(NO3)2*6H2O >99          Sigma-Aldrich 

Ni(NO3)2*6H2O ≥98.5          Sigma-Aldrich 

Ce(NO3)3*6H2O ≥98          Sigma-Aldrich 

Glycine ≥99                       Sigma 

Urea >99          Sigma-Aldrich 

Citric acid ≥99.5          Sigma-Aldrich 
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       Figure 4 Schematic representation of functionalization of alumina nanofibers. 

3.2 Characterization Techniques 

Phase and microstructural analysis were carried out by using X-ray diffraction (XRD), 

scanning electron microscopy (SEM). The mechanism of the combustion process was 

investigated by using different in situ thermal techniques, including thermogravimetric 

analysis (TGA) and pyrometric analyses. 

3.2.1 X-ray Diffraction  

 XRD technique is a rapid analytical technique for studying chemical composition of a 

material, their crystal structure, crystallite size and atomic spacing [51]. X-rays emitted from a 

tube are directed at the material where its electrons collide with the photons from the incident 

beam causing diffractions. These beams are diffracted at many angles due to the many 

crystalline planes present in the material according to Bragg’s law (eq 1). 

nλ=2dsinθ                                                                                                                         (1) 

Where n is an integer, λ is the wavelength of incident wave, d represents distance 

between the planes in the atomic lattice, and θ is the angle between the scattered planes and 
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incident ray. The data from the measured intensity and diffraction angles, the average 

crystallite size of the material can be calculated using the Scherrer (eq 2): 

D=K.𝜆/B.cos𝜃                                                                                                                   (2)                                                                                                                    

Where D is mean size of crystalline in nm , which may be smaller or equal to the grain 

size. K is a coefficient with a value of 0.9. λ is the X-ray wavelength. B is the line broadening 

at half the maximum intensity (FWHM). This quantity is also denoted as (2θ). θ is the Bragg 

angle. 

In this study, powder X-ray diffraction (Philips PW3830 X-ray Generator) measurements 

were performed within the angle range 2θ = 20 - 70° with a step size of 0.02° and a count 

time of 0.4 s, using Cu Kα radiation (λ = 0.154056 nm) with a working voltage and current of 

40 kV and 100 mA, respectively. 

3.2.2 Scanning electron microscopy 

Scanning electron microscope is a technique for the characterization of materials which 

produces image by scanning it with a focused beam of electrons. The versatility of SEM 

analysis is derived from large measure of the rich variety of interactions that a beam electron 

undergoes in a specimen. 

Elastic scattering events affects the trajectories of the beam of the electrons inside the 

specimen without altering the kinetic energy of the electron. Elastic scattering is responsible 

for the phenomenon of electron backscattering that forms important signal in SEM. Inelastic 

scattering occurs due to the transfer of energy from beam of electrons to the atoms of the 

specimen leading to the generation of secondary electrons (Auger electrons) [52].  

 In this study, scanning electron microscopy (SEM Zeiss EVO MA 15, Germany) 

equipped with EDS (energy dispersive X-ray spectrometer) with voltage of up to 20 kV and 

magnifications up to 50 kX and was used for examination of the precursor materials and the 

functionalized final product. The samples were coated with gold before examination. The 

morphology of the material was also investigated 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 microscope was coupled with an EDS (INCA x-

sight, Oxford Instruments). 
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3.2.3 In-situ Thermal Analysis 

3.2.3.1 Differential thermal analysis and Thermogravimetric 

analysis 

Thermal gravimetric analysis (TGA) is a method of thermal analysis in which changes in 

physical and chemical properties of materials are measured as a function of increasing 

temperature (with constant heating rate), or as a function of time (with constant temperature 

and/or constant mass loss). A plot of mass percentage against temperature can enable the 

interpretation of mass loss curve transformations. 

Various physical and chemical methods affect the curve characteristics of DTA/TG. 

Physical factors include adsorption (exothermic), desorption (endothermic), change in crystal 

structure (endo or exothermic), crystallization (exothermic), melting (endothermic), 

vaporization (endothermic), and sublimation (endothermic). Chemical factors which affects 

the curve are oxidation (exothermic), reduction (endothermic), break down reactions (endo or 

exothermic), chemisorption (exothermic), and solid state reactions (endo or exothermic) [85]. 

The kinetics of the process were studied with simultaneous coupled thermal analysis 

(TG-DSC) with STA449C “Jupiter” (Netzsch Gerätebau GmbH. Experiments were performed 

in synthetic dry air (21% O2, balance nitrogen; Linde AGA) flow of 20 ml/min with heating 

and cooling rates of 10oC/min. 

3.2.3.2 Pyrometric analysis 

Pyrometer, a type of infrared thermometer has an optical system and detector. The 

parameter that is taken by the optical system into account is thermal radiation onto the 

detector. Hence the related equation for the output signal works on thermal radiation of the 

target object j, the constant of proportionality σ, called the Stefan-Boltzmann constant and the 

emissivity ε of the object given by the (eq 3). 

j = ε. σ. T4                                                                                                                              (3)                                                                                                 

Hence, temperature-time history of the synthesis process is recorded by highly accurate 

MPAC IGAR 12-LO Digital 2-color pyrometers with fiber optic and a response time of 2ms. 

The pyrometer measures in the 2-color principle (ratio principle) in which two adjacent 

wavelengths are used to calculate the temperature in the range from 499 up to 2200 oC. 
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3.2.4 Magnetic Properties  

Magnestism is the physical phenomena of magnetic fields. The material can be mostly 

classified into broad catagories of ferromagnetic, ferrimagnetic, paramagnetic and 

antiferromagnetic. The magnetic property of the material depends on various factors like 

temperature and other factors like pressure and applied magnetic fields. In this work, 

investigation of magnetic measurements of ferrites (maghemite) at low temperatures were 

carried out with Quantum Design SQUID-VSM dc magnetometers and at 300 K using 

Microsense EV 7 VSM.   

 

 

 

 

  



22 

 

4 RESULTS AND DISCUSSION 

4.1   Characterization of pristine alumina nanofibers 

One-dimensional nanostructures possess “exotic” properties. Moreover, the properties of 

a material, even with a well-defined composition, are highly depended on its morphology, 

crystalline structure and microstructure of the polymorph. 

The structure of the network of pristine alumina nanofibers Fig. 6(a) are studied by XRD 

Fig. 5, SEM (Fig. 6(b,c)) and nitrogen adsorption Fig. 6(d) techniques. 

XRD pattern of pristine alumina nanofibers is depicted in Fig. 5. The diffraction lines of 

ANFs can be indexed to a cubic structure with space group Fd-3m (a=7.8400 Å). It was 

reported that the morphology of γ-alumina nanofibers remained unchanged up to about 1200 

°C and transformation γ→α transformation occurred at temperatures above 1200 °C [63]. 

Heat treatment of ANFs over 1200°C resulted in a stable α-alumina polymorph. Alumina 

transformations from metastable aluminas to α-Al2O3 by conversions can be given by Al2QO3-

v/2 (OH)v θ1-v/2, where Al represents the aluminum ions, Q is cationic vacancy in divalent sites, 

OH the hydroxyl groups substituting the oxygen in the normal positions of the anionic 

sublattice, θ is anionic vacancies of spinel structures, and v ranges from (0≤v≤2) [57]. 

       

            Figure 5 X-ray diffraction pattern of pure ANF sample.  
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        Figure 6 The network of ANFs (a) SEM micrographs of (b) top and (c) side views, 

(d) differential pore size distribution of ANFs. 

  The nitrogen adsorption isotherms of the network of ANFs showed pore size 

distribution around 10 nm in Fig. 6(d). The large pore radius is one of significant property of 

alumina nanofibers, which is contributed due to the fact that, presence of inter-fibrous voids 

in randomly stacked alumina nanofibers. It can be seen from Fig. 6(d), pore radius of the 

alumina nanofibers exhibited an extremely broad distribution, because the pore structure 

resulting from the randomly stacking of fibrous nanoparticles are close to a three dimensional 

network, and do not possess regular shape and size [31, 58]. Figure 7, depicts the model of 

pristine alumina nanofiber. Model advocates that ANF contains some bonded water which can 

be a possibility to deposit different compound on the surface of the fibers. 
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            Figure 7 Model of pristine alumina nanofiber. 

4.2   Nickel oxide based nanocomposites 

Alumina-supported nickel catalyst is an important catalyst in various industrial processes. 

However, after a certain period, depending on the operating conditions, destructive effects 

such as coking, poisoning, sintering leads to the deactivation of the catalysts [50]. Many 

researchers report that carbon deposition and sintering can be depressed using highly 

dispersed active Ni sites [55]. A way of improving the dispersity of nickel sites is formation 

of NiAl2O4 spinel, which is reported to have a good effect on the suppression of carbon 

deposition [60]. Another option to enhance the dispersivity of nickel is to use mixed oxides 

along with nickel oxide. Seok et al [65] studied the influence of five different oxides on the 

catalytic behavior of nickel for methane dry reforming. The highest CO2 conversion on the 

Al2O3 supported catalyst was reported to be of the following order of activity: Ni/MgO> 

Ni/ZrO2 > Ni/CeO2 > Ni/La2O3 > Ni/MnO and Ni/MnAl2O4. MgO and CeO2 can be the 

potential promoters that can enhance the activity of Ni/Al2O3. CeO2 suppresses reduction at 

high temperature, which leads to higher surface reactivity. It is reported that CeO2 has the 

dominant ability to supply the active oxygen species which suppresses coke formation by 

oxidizing surface carbon on the catalyst active site [66]. 

The synthesis of supported catalysts is of greatest scientific and manufacturing 

importance. The essential requirements of obtaining well controlled uniformity and high-

purity materials encouraged the development of wet chemical methods [79]. One of the 

important methods to prepare aluminates is combustion route [80]. The advantage of the 

solution combustion technique is the quasi-atomic dispersion of the component cations in 

liquid precursors, which facilitates synthesis of the crystallized powder with low particle size 
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and high purity at low temperatures [72]. Nevertheless, the ability to design and control size, 

structure, and dispersion of supported nanoparticles is still a great challenge. 

In this work, nickel oxide based nanocomposites were prepared by template assisted wet-

combustion synthesis method. This method includes wetting of the mesoporous network of a 

template (alumina) by a reactive solution containing the metal precursor and organic fuel, 

followed by the heat treatment until self-ignition of a combustion synthesis. The organic fuel 

can act as metal dispersing and complexing agent [81] and provide homogeneous distribution 

of metal precursors throughout the mesoporous network. 

In order to choose the right fuel for mixed oxides composites of nickel, three additional 

systems were studied in this work: Ni(NO3)2-glycine-ANF, Ni(NO3)2-urea-ANF and Ni(NO3)2-

citric acid-ANF. To obtain homogeneous and uniform nanocomposites, reactive aqueous 

solutions, containing stoichiometric amount of nickel (II) nitrate as a source of nickel and 

urea, glycine or citric acid as a fuel (eq. 3-5), were prepared and dropped onto the network of 

alumina nanofibers. The amounts of the precursors are represented in Table 3. 

 

Table 3 The composition of initial solution and the ratio of fuel to oxidizer.   

         

9Ni(NO3)2 + 5CH4N2O  = 3NiO + 8N2 + 5CO2 + 10H2O                                                (3) 

9Ni(NO3)2 + 10C2H5NO2 = 9NiO + 14N2 + 20CO2 + 25H2O                                          (4)          

9Ni(NO3)2 + 5C6H8O7 = 9NiO + 9N2 + 30CO2 + 20H2O                                                 (5) 

X-ray diffraction analysis shows that the peaks of NiO along with low crystallinity peaks 

of NiAl2O4 are detected in nickel nitrate – glycine – ANF system Fig. 8(a). While using citric 

acid, peaks of nickel aluminate spinel with low crystallinity peaks of nickel oxide is obtained 

in XRD pattern Fig. 8(b). When urea is used as a fuel, only peak of NiO was evident in the 

XRD pattern Fig. 8(c).  The different peaks obtained using different fuels can be explained on 

the basis of the more chelating nature of glycine and citric acid.  

According to Nesaraj et al [62], glycine fuel serves two purposes in the combustion 

process for the preparation of nickel aluminate spinel: first, it complexes the metal cations (Ni 

N ANF, g Ni(NO3)2*6H2O,g   Urea, g Glycine, g Citric acid, g H2O, ml 

1 1 2.84 0.32  0 0 5 

2 1 2.84 0  0.81 0 5 

3 1 2.84 0  0 1.04 5 
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and Al), increasing their solubility and preventing selective precipitation of the salts as the 

water evaporates: and secondly, it serves as fuel for combustion. In case of urea as a fuel [62], 

accumulation of the hypergolic mixture of gases leads to the vigorous and spontaneous 

reaction. Urea imparts only energy to the reaction proved by Aghayan et al [63]. 

It should be noted that the peaks related to γ-Al2O3 phase are not detected in all cases. 

This can be caused by a destruction of the crystalline structure of γ-Al2O3, however, the 

maximum combustion temperature measured by pyrometric analyses, does not exceed 1100 

oC (Table 4), which is lower than γ- to - phase transformation [63]. To understand the reason 

of disappearance of the peaks of γ-Al2O3 more detailed investigation is needed. 

 

 

Figure 8 XRD patterns of wet-combustion products of (a) nickel nitrate-glycine–ANF, 

(b) nickel nitrate –citric acid –ANF and (c) nickel nitrate – urea – ANF systems.  

        Table 4 Combustion flame temperature of nickel nitrate-fuel-ANF system measured by 

pyrometric method. 

 

   

 

 

Fuel type Flame temperature 

Glycine 1005oC 

Citric acid 923oC 

Urea 1095oC 
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          Figure 9 Schematic steps of the wet-combustion process of the wetted mesoporous 

network by the reactive solution containing different fuels, and, their corresponding SEM 

images: (d) nickel nitrate-urea-ANF, (e) nickel nitrate-citric acid-ANF, (f) nickel nitrate-

glycine-ANF. 

The SEM images of the as-synthesized combustion products obtained from various fuel 

containing batches are demonstrated in Fig. 9(a-c). NiO with the fine particle size (<100 nm) 

forms when urea is used as a fuel. The particles are homogeneously deposited around the well 

aligned fibers. However, when glycine or citric acid were used as a fuel, only fibers in 

diameter <30 nm can be seen (Fig. 9(e, d)). It should be noted that in contrast to nickel 

nitrate-glycine-ANF system, the combustion of nickel nitrate-citric acid-ANF leads to the 

formation of broken fibers with length of 200-300 nm in Fig. 9(e). 

Considering the obtained results, glycine is suggested as the best suited fuel for nickel 

nitrate – ANF system. Thus, for the further mixed oxide system only glycine was used as a 

fuel which was the main focus of the study.  



28 

 

In order to deposit nickel and cerium mixed oxides, and nickel and magnesium mixed 

oxides onto alumina nanofibers, stoichiometric amount (eq. (4, 6, 7)) of the nitrates of the 

mentioned oxides and glycine as a fuel are used to prepare the reactive solution with a 

proportion shown in Table 5.  

9Mg(NO3)2 + 10C2H5NO2 = 9MgO + 14N2 + 20CO2 + 25H2O                                       (6) 

18Ce(NO3)3 + 30C2H5NO2 = 18CeO2 + 42N2 + 60CO2 + 75H2O                                    (7) 

Table 5 The composition of initial solution.   

 

       Figure 10 XRD patterns of (a) combustion product, and (b) combustion product heat 

treated at 900oC of Ni(NO3)2-Mg(NO3)2-glycine-ANF system for 2hours, (c) combustion 

product, and (d) combustion product heat treated at 900oC of Ni(NO3)2-Ce(NO3)3-ANF 

system for 2 hours. 

The XRD pattern of Ni(NO3)2-Mg(NO3)2-glycine-ANF system is represented in Fig. 

10(a-b). It should be noted that, NiAl2O4 and MgAl2O4 spinel-like phases are 

indistinguishable in XRD analysis. In general, the AB2O4 spinel structure consists of A2+ and 

B3+ ions where the cations can easily displace each other. Therefore, in the case of 

concurrency more likely MgAl2O4 spinel forms in Fig. 10(a) [54]. 

N Ni(NO3)2*6H2O,g   Mg(NO3)2*6H2O,g Ce(NO3)3*6H2O,g glycine, g H2O, ml 

1 2.85 2.5  0 1.7 15 

2 2.85 0  4.25 2.1 15 
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However, after heat treatment at 9000C in Fig. 10(b), the intensity of the peak related to 

spinel increases. It is supposed that magnesium diffuses into alumina forming spinel which 

crystallizes during the heat treatment 

The analysis signifies that heating of the sample at 900oC leads to the expansion of the 

lattice. This expansive stress is created to the surface layer of the MgAl2O4 through dangling 

bonds. Hence ions on the surface of the nanoparticles of MgAl2O4 are not coordinated and 

have unpaired electrons. Al3+ and Mg2+ form the electric dipole on the boundary [68]. Due to 

heating, more oxygen atoms are added to the surface, these oxygen atoms combines with the 

dipole formed of Al3+ and Mg2+ which then forms incompletely coordinated aluminium-

magnesium-oxygen atoms and thus spinel. So heating plays a huge role in increasing the 

crystal size of the spinel [68]. 

The XRD pattern of Ni(NO3)2-Ce(NO3)3-ANF system is presented in Fig. 10(c-d). The 

XRD patterns shows the existence of the distinct fluorite-type oxide structure of CeO2 both in 

the combusted product in Fig. 10(c) and heat treated combusted product in Fig. 10(d). Besides 

CeO2 peak, the intensity of NiAl2O4 spinel phase has very low crystallinity which is observed 

in both combusted and heat treated combusted product which may suggest that dispersion of 

nickel crystallite on CeO2. Both the system can be better optimized using different content of 

the cerium. Koo et al [53] found that the peak intensity of NiO and NiAl2O4 is dependent on 

the Ce content. They noted that as cerium content increases, the intensity of NiO and NiAl2O4 

peak decreases because ceria improves the dispersion of NiO and thus affects the solubility 

also. 
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 Figure 11 Schematic view of the evolution of cross-section of a wetted single fiber 

during the wet-combustion process and corresponding SEM images: a) combustion product, 

and (b) combustion product heat treated at 900oC of Ni(NO3)2-Mg(NO3)2-glycine-ANF system 

for 2hours, (c) combustion product, and (d) combustion product heat treated at 900oC of 

Ni(NO3)2-Ce(NO3)3-ANF system for 2 hours. 

 The combusted product of Ni(NO3)2-Mg(NO3)2-glycine ANF system consists of well 

aligned regular shape nanofibers as illustrated in Fig. 11(a) and the particles are 

homogeneously deposited on fibers. The heat treated combusted product obtained from 

Ni(NO3)2-Mg(NO3)2-glycine ANF system reveals that system is porous in SEM micrograph 

Fig. 11(b). The heat treated combustion product obtained from Ni(NO3)2-Ce(NO3)3-ANF 
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system in Fig. 11(d), consists of the alignment of the nanofibers in the similar fashion as it 

was observed in Ni(NO3)2-Mg(NO3)2-glycine ANF system. 

With the heat treatment of the combusted products in both the system of Ni(NO3)2-

Mg(NO3)2-ANF and Ni(NO3)2-Ce(NO3)3-ANF system, it is believed that nickel surface area 

and nickel dispersion is affected due to readily formation of MgO and CeO2 as explained in 

the cross section diagram of the both Ni(NO3)2-Mg(NO3)2-ANF and Ni(NO3)2-Ce(NO3)3-ANF 

system in Fig. 11 . These oxides obtained after combustion affects the textural properties of 

alumina. CeO2 readily supplies the active oxygen species which can readily eliminate the 

formation of the coke in the catalyst reactions [66]. However, detailed catalytic studies are 

needed to prove the analysis. 

4.3 Iron oxide based nanocomposites 

Hematite (α-Fe2O3), the most thermodynamically stable phase of iron trioxide and recent 

efforts have been directed towards the fabrication of nanoscale α-Fe2O3 to enhance its 

performance in currently existing applications of catalysts, pigments, gas sensors, optical 

devices, and water purification. The nanostructures of iron oxides with different 

dimensionalities such as nanoparticles, nanorods, nanowires, nanotubes, nanorings, nanobelts, 

nanocubes, as well as hollow and porous nanostructures have been successfully used in 

various fields, including energy conversion and storage technologies [56].  

A Pt gamma -alumina catalyst promoted with iron oxide deposited on a ceramic monolith 

was recently reported to be highly active, selective, and stable for the CO oxidation reaction 

in the presence of excess H2 at temperatures compatible with the PEM fuel cell [82]. 

However, the stand alone properties of hematite (α-Fe2O3), to exhibit magnetic properties 

have attracted much attention of the researchers. 

Among synthesis methods of hematite to be used as a magnetic material, various efforts 

were made by researchers. For example, spherical carbon nanoparticles or carbon nanotubes 

have been used as templates for the synthesis of hollow spheres and nanotubes of hematite 

[83]. Recently, iron-containing metal−organic frameworks and ferritin proteins were proposed 

as templates to prepare clusters of hematite nanoparticles through controlled pyrolysis [84]. 

Work reported by Mukasyan et al reported a new strategy for preparation of ultrasmall (below 

5 nm) superparamagnetic hematite nanoparticles with remarkably high magnetization. They 

successfully integrated a combustion approach with template-assisted synthesis [56].  
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In this work, iron oxide based nanocomposites are prepared using iron nitrate and glycine and 

urea as a fuel with different fuel-to-oxidizer ratios (Table 6) by wet combustion method 

.  

Table 6 Preparation of solutions with different oxidizer fuel ratio (φ) 

 

In the above, φ=1 means that the initial mixture does not require atmospheric oxygen for 

complete oxidation of fuel, while φ > 1 implies fuel rich and φ < 1 implies fuel lean 

conditions. The following (eq 8 and 9) were used. 

       3Fe(NO3)3 + 5C2H5NO2 = 3/2Fe2O3 + 10CO2+ 12.5H2O + 7N2                                (8)   

2Fe(NO3)3 + 5CO(NH2)2 = Fe2O3 + 5CO2+  10H2O + 8N2                                                           (9)             

 

               

Figure 12 Combustion flame temperature of Fe(NO3)3– glycine – ANF system (curve1), 

and Fe(NO3)3– urea – ANF system (curve 2). 

N of sol ANF, g Fe(NO3)3*9H2O,g   Urea, g Glycine,g H2O, ml Φ 

1 0.5 5 0.93  0 5 0.5 

2 0.5 5 1.86  0 5 1.0 

3 0.5 5 2.79  0 5 1.5 

4 0.5 5  0 0.77 5 0.5 

5 0.5 5 0  1.55 5 1.0 

6 0.5 5  0 2.32 5 1.5 
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The typical time-temperature profiles for combustion synthesis process of iron nitrate-

glycine alumina nanofibers and iron nitrate-urea-alumina nanofibers systems with oxidizer to 

fuel ratio, φ=1 is shown in Fig. 12 (curve1 and 2 respectively). Series of changes in the 

sample which is followed by sudden rise of temperature rise to a maximum (Tmax) value. 

When the temperature reaches to maximum (Tmax) value, rapid reaction takes place. It can be 

seen that Tmax varies of the fuel type. The maximum temperatures observed were ∼1030 ºC in 

the glycine system (ϕgly= 1) and ∼900 ºC in urea system (ϕur=1). It was noted that increase of 

the media volume during the combustion of iron nitrate - glycine –ANF system takes place. 

While the volume of the final solid product is not different from the initial wetted sample 

when urea was used as a fuel. 

 

 

Figure 13 (a) DTA/TG curve of iron nitrate-glycine-ANF and (b) iron nitrate-urea-ANF. 

Curve1 represents TGA and curve 2 represents DTA in both the cases. 

In order to understand the kinetics of combustion impregnation process TGA–DTA was 

performed at heating 10
◦
C/min from ambient temperature upward to 300

◦
C under air 

atmosphere. In Fig. 13(a) TG curve indicated that the mass of the dried gel starts decreasing 

evidently/distinguishably from 120oC accompanied by an endothermic effect in the DTA 

curve in iron nitrate-glycine-ANF system. It is reasonably supposed to be the dehydration of 

the intercalated water in the formed complex of dried gel. The mass loss becomes more 

intensive from 170oC to 205oC accompanied with the sharp exothermic reaction, which is 

characterized as the typical combustion process. In the end the gel losses 80% of its initial 

mass. 

  According to Varma et al [69] the Fe(NO3)3.3H2O decomposition occurs according to               

the following eq 10: 

       Fe(NO3)3.3H2O→Fe(OH)2NO3→Fe(OH)3→Fe2O3.                                                     (10) 
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Thus, during this decomposition HNO3 forms, this immediately (either directly or with 

preliminary oxygen formation) reacts with glycine. Combustion in the glycine-nitrate system 

starts with oxidizer decomposition which is followed by decomposition of glycine [70] 

proved by Yablokov et al which starts from the temperature range of 212-240oC. 

The reaction proceeds differently when using urea as the fuel Fig. 13(b) in iron nitrate-

urea-ANF system. The process starts with the decomposition of urea which starts at 152oC 

studied by Schaber et al [71]. Before 155oC, a weight loss of 11 % was caused by evaporation 

of water and from 155oC to 164, a weight loss of 4%, which announce the start of the 

decomposition of urea [71]. The decomposition of urea leads to biuret and NH3 release. From 

155oC to 168oC, a weight loss of 55% together with an exothermic peak at 166 oC is attributed 

to the combustion process. It should be noted that the combustion takes place at relatively 

lower temperature compared with glycine system.  

 

Figure 14 Schematic view of the evolution of cross-section of a wetted single fiber during 

the wet-combustion process towards the formation of composite and corresponding XRD 

pattern of iron nitrate-glycine-ANF with oxidizer to fuel ratio (ϕ) (a) 0.5, (b) 1, and (c) 1.5 

and pattern of iron nitrate-urea-ANF with oxidizer to fuel ratio (ϕ) (d) 0.5, (e) 1, and (f) 1.5. 
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XRD data on phase composition of the final products obtained by heterogeneous 

combustion synthesis from systems with different oxidizer to fuel φ, are presented in Fig. 

14(a, b and c). An amorphous product forms with a small broad peak with low oxidizer to fuel 

ratio, φ=0.5 in Fig 14(a) of iron nitrate-glycine-ANF, whereas a mixture of γ-Fe2O3 and 

FeAl2O4 formed for a system with oxidizer to fuel ratio, φ =1 in Fig. 14(b). The intensity of 

peaks of FeAl2O4 decreases with increasing the glycine amount with oxidizer to fuel ratio, 

φ=1.5 in Fig. 14(c). It is supposed that during combustion process reduced oxide of iron 

(Fe3O4) forms which reacts with alumina nanofibers leading to the formation of FeAl2O4. The 

possibility of formation of Fe3O4 during combustion was proved by thermodynamic 

calculation done by Mukasyan et al. [72]. Xiang et al. [73] reported that reaction between 

Fe3O4 and Al2O3 takes place over 600oC under reducing atmosphere leading to the formation 

of FeAl2O4. It should be noted that in the fuel – rich system, the ratio of the obtained 

FeAl2O4/Fe2O3 decreases with increasing the glycine amount as the oxidant fuel ratio is 

changed from 1 to 1.5. This is caused by the decrease of the combustion temperature by 

increasing the amount of fuel. [72]. The low temperature drastically influences the interaction 

of Fe3O4 with alumina. Thus, glycine appears to be not only a source of energy, but also a 

reducing agent, enabling to produce nanocomposite in a single step. 

Using small amount of urea with oxidizer to fuel ratio, φ=0.5 in Fig. 14(d), amorphous 

mass is formed in iron nitrate-urea-ANF system. Increasing the amount of urea, the dominant 

phase is identified as rhombohedral FeAlO3. Small amount of α-Al2O3 and γ-Fe2O3 is also 

formed with oxidizer to fuel ratio, φ=1 in Fig. 14(e). The direct interaction between iron ions 

and alumina is possible, however, due to the high temperature developed during the 

combustion process FeAlO3 phase forms. Although, Hamasake et al. [74] reported that 

alumina and hematite coexisted under below 1300 oC. Recently few researchers could 

synthesize rhombohedral FeAlO3 at lower temperatures (below 600oC) proved by Cotica et al 

[75] by sol-gel method. Increasing the amount of urea, iron ions become more isolated by 

urea preventing the formation of FeAlO3 phase and hence proves the obtained XRD result of 

increase of the crystallinity of α-Al2O3 with oxidizer to fuel ratio, φ=1.5 in Fig. 14(f). Only Fe 

(III) oxides were obtained in when urea was used, while the reduced Fe (II) oxide (in spinel 

form) was obtained when glycine is used. 

Fig. 15(a-b) represents SEM micrographs of as-synthesized-deposited product of iron 

nitrate – glycine – ANF system. At the fuel-lean glycine system in Fig. 15(a), an 

agglomeration of well aligned fibers takes place. However, at stoichiometric amount of 
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glycine the particles with less than 100 nm were formed and the fibers became more 

discontinuous shown in Fig. 15(b). The increase of particle size is understandable due to 

increase in oxidizer to fuel ratio. It is supposed that the particles are composed of Fe2O3. 

Thus, nucleation occurs by the formation of small embryos of Fe2O3 inside the small volume 

of organometallic network structure. This network structures form when an appropriate 

amount of chelating agent (i.e. glycine and glycine contaminations) coordinates iron and 

surface aluminium ions.  

       

        Figure 15 SEM micrographs of iron nitrate-glycine-ANF with oxidizer to fuel ratio 

(ϕ) (a) 0.5, (b) 1 and of iron nitrate-urea-ANF with oxidizer to fuel ratio (ϕ) (c) 0.5, (d) 1.  

As shown in the Fig. 15(c-d), the SEM micrographs of as-synthesized-deposited product 

of iron nitrate – urea – ANF system, an agglomeration of well aligned fibers takes place in 

Fig. 15(c). The fibers look “broken” periodically, when oxidizer to fuel ratio is φur=0.5 in Fig. 

15(c). The as-prepared product, when oxidizer to fuel ratio, φur=1, are continuous in structure 

in Fig. 15(d). Between the fibers, agglomerations of small particles of Fe2O3 were believed to 

exist. 

Fig. 16 represents the magnetic characterization at room-temperature of both products of 

Fe2O3-Al2O3 using glycine and urea. The magnetization as a function of applied magnetic 

field clearly shows hysteretic behavior, revealing the existence of ferro- and/or ferrimagnetic 

order in the both the systems. The Fe2O3-Al2O3-glycine system exhibits a saturation 

magnetization (Ms) and remanence (Mr) of 40 emu/g and 14 emu/g respectively. In the case 

of the Fe2O3- Al2O3-urea system, Ms and Mr amount to 28 emu/g and 8 emu/g respectively 
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        Figure 16 Magnetization vs. applied field curves at room-temperature 

corresponding to the products synthesized using Glycine and Urea. 

Maghemite (γ-Fe2O3) is ferrimagnetic at room temperature with a saturation 

magnetization of 74 emu/g. Given the saturation magnetization (Ms) value of the pure 

compound, one can estimate the compositional ratio of phases more accurately than the XRD 

data. It is inferred that in the glycine and urea sample the weight fraction of maghemite 

reaches 54% and 38% respectively. 

It is worth noting that the glycine system contains FeAl2O4, which is antiferromagnetic 

and known to exhibit weak ferromagnetism due to frustration effects [76]. However, this 

weak contribution to saturation magnetization (Ms) can be disregarded as it is expected to be 

below 1 emu/g [77]. 
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5. CONCLUSIONS 

In this work, mesoporous substrates consisting out of composite nanofibers were 

prepared by wet combustion synthesis without further calcination and it was demonstrated 

that the template-assisted wet-combustion synthesis approach is a flexible technique to 

deposit metal oxide onto alumina nanofibers using one-step process for production of network 

with tailored phase composition and morphology. 

Thus nanocomposites with different composition and morphology were obtained by 

varying oxidizer-fuel ratio and the fuel which act as a source of energy.  

 

The two systems were rigorously studied and following remarks can be pointed out: 

           Nickel oxide based nanocomposites: Heteronanostructures of the metal oxides 

core-shell nanofibers NiO-NiAl2O4-Al2O3 were deposited onto the network of nanofibers. It 

was observed that NiO along with traces of NiAl2O4 are detected in nickel nitrate – glycine – 

ANF system. When urea is used as a fuel, only peak of NiO is detected. While using citric 

acid, mainly nickel aluminate spinel with traces of nickel oxide was obtained. Hence proving 

that composition of the product can be controlled by different fuels (glycine, urea, and citric 

acid). Considering the obtained results from SEM of Ni(NO3)2-ANF system composites, 

glycine is suited as the best fuel. To further extend the research, mixed composition of 

Ni(NO3)2-Mg(NO3)2-ANF and Ni(NO3)2-Ce(NO3)3-ANF system were used for the catalytic 

applications. Glycine is opted as the fuel based on the results of SEM micrographs of 

Ni(NO3)2-ANF system. The mixed oxides obtained after the combustion of Mg(NO3)2-ANF 

and Ni(NO3)2-Ce(NO3)3-ANF system can enhance the dispersivity of nickel.   

Ni(NO3)2-Ce(NO3)3 and Ni(NO3)2-Mg(NO3)2 ANF system revealed that mixed oxides  

CeO2-NiAl2O4 and NiO-MgAl2O4 were deposited on alumina nanofibers respectively. The 

deposited heteronanostructures of the metal oxides core-shell nanofibers had a significance 

influence the combustion pathway of ANF-fuel system. However more profound studies can 

be done by adding different proportions of ceria and magnesium which can affect nickel oxide 

solubility and dispersion. 

           Iron oxide based nanocomposites: Highly aligned alumina nanofibers were 

functionalized by iron oxide using glycine and urea as a fuel. The XRD results shows that 

only Fe (III) oxides were obtained in when urea was used, while the reduced Fe (II) oxide (in 

spinel form) was obtained when glycine is used by varying oxidizer to fuel ratio. Glycine 
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appears to be not only a source of energy, but also a reducing agent, enabling to produce 

nanocomposite in a single step. 

The magnetic properties revealed that Fe2O3-Al2O3-glycine system exhibits a saturation 

magnetization and remanence of 40 emu/g and 14 emu/g whereas in Fe2O3- Al2O3 urea 

system, saturation magnetization and remanence amounts to be 28 emu/g and 8 emu/g 

respectively. At last it is inferred that in glycine and urea sample, the weight fraction of 

maghemite reaches 54% and 38% respectively. 

To conclude, solution combustion synthesis is the best method to fabricate mesoporous 

fibrous structures consisting of the networks of nanocomposite nanofibers.  
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6. RÈSUMÈ 

 The alumina nanocomposite formed from the nanofibers is regarded as the most 

important ceramic engineering material not only because of the well-known properties of 

corrosion-erosion-resistant material but also possibilities of improving these nanocomposites 

due to its relative cost than other materials. Today most of the alumina composites find its 

application in fabrication of high temperature refractory materials and many more. 

 In this study new type of nanocomposites using ANF as the support were created. To 

prepare these composites one-step procedure using novel approach of the template-assisted 

wet-combustion synthesis, which combines combustion synthesis and dip coat methods were 

used which was developed by our group to functionalize nano-objects. Various 

nanocomposites were synthesized by our group utilizing this method. 

 The nanocomposites of NiO-Al2O3, MgAl2O4-NiO-Al2O3, CeO2-NiAl2O4-Al2O3 and 

Fe2O3-Al2O3 are characterized by XRD, SEM-EDS, DTA/TG and magnetic techniques. 

      At the very first time, NiO-NiAl2O4, NiAl2O4-Al2O3 and NiO-Al2O3 composites were 

fabricated by wet-combustion method revealed by XRD studies using different fuels. The 

SEM micrographs of Ni(NO3)2-ANF fuel system revealed that glycine is the best suited fuel 

because when compared with other fuels (urea and citric acid), the particles are more 

homogenously deposited onto the network of well aligned fibers. Based on these results, 

glycine is opted for the mixed oxides of Mg(NO3)2-ANF and Ni(NO3)2-Ce(NO3)3-ANF 

system to carry out the further research. 

 The mixed oxides of CeO2-NiAl2O4 and NiO-MgAl2O4 were deposited on alumina 

nanofibers respectively. The deposited heteronanostructure of the metal oxides core-shell 

nanofibers had influence on the dispersivity of nickel. 

     In Fe2O3-Al2O3 composites synthesized using different fuels, XRD studies revealed 

that Fe (III) oxides were obtained in when urea was used, while the reduced Fe (II) oxide (in 

spinel form) was obtained when glycine is used. The thermal studies on the composites shows 

that maximum temperatures observed were ∼1030 ºC in the glycine system (ϕgly= 1) and 

∼900 ºC in urea system (ϕur=1). The magnetic properties revealed that Fe2O3-Al2O3-glycine 

exhibits a saturation magnetization and remanence of 40 emu/g and 14 emu/g whereas in 

Fe2O3-Al2O3-urea, saturation magnetization and remanence amounts to be 28 emu/g and 8 

emu/g respectively. Saturation magnetization was less in the case of urea because weight 

fraction of maghemite reaches only 38% but in case of glycine it reaches 54%. 
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To summarize, solution combustion synthesis is the best method to fabricate 

nanocomposites. The advantages of process are that 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). 
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7. RESÜMEE 

  Hiljuti väljatöötatud ühedimensionaalsed γ-alumiiniumoksiidist (Al2O3) nanokiud, 

läbimõõduga 7±2 nm, on funktsionaliseeritud uudse märg-põlemise meetodiga. 

Funktsionaliseerimise eesmärgiks on laiendada nende kasutusvaldkonda erinevates 

funktsionaalsetes komposiitmaterjalides. Märg-põlemise meetod ühendab endas sool-geel 

meetodi (homogeenne komponentide jagunemine ja madal temperatuur), sisse-kastmis 

pindamise (lihtsus, mikrostruktuuri kontroll ja kuluefektiivsus) ja põlemise meetodi (kõrge 

temperatuur, kiire kuumutus ja lühike kestvus) eeliseid. Märg-põlemise süntees on 

üheetapiline lähenemine võimaldades kuluefektiivselt sünteesida mesopoorseid komposiite, 

milledel on eesmärgipäraselt disainitud faasiline kompositsioon ja morfoloogia. Väljatöötatud 

meetodi raames kaetakse nanokiud lähtematerjalidest lisanditega, mis on segatud orgaaniliste 

kütustega. Sellele järgneb lähtematerjalide ja kütuse lagunemine/oksüdeerumine, mille 

tulemusel toimub nanokiudude pindamine uue faasiga või terve nanokiu faasi muutumine. 

Protessis tulemusena saab valmistada 1D nanostruktuuridega komposiitmaterjale, millele jääb 

alles nende originaalne morfoloogia ning soovitud keemiline kompositsioon. 

Antud töö eesmärgiks oli keraamiliste nano-komposiitmaterjalide NiO-Al2O3, MgAl2O4-

NiO-Al2O3, CeO2-NiAl2O4-Al2O3 ja Fe2O3-Al2O3 väljatöötamine. Eesmärgi saavutamiseks 

läheneti probleemile mitmest suunast, hõlmates sool-geel tehnoloogiat, materjalide töötlust 

kõrgetel temperatuuridel, täppis-karakteriseerimise meetodeid (XRD, SEM-EDS, DTA/TG ja 

magnetitehnoloogia) ja nano-osiste füüsikaliste omaduste selgitamist. 

Alumiiniumoksiid nanokiude funktsionaliseeriti erinevate metallioksiididega (nt. NiO, 

MgO2, CeO2 ning Fe2O3) rakendades uut väljatöötatud märg-põlemise sünteesi olles 

alternatiiv sool-geel süntees pindamisemeetoditele. Esmakordselt on valmistatud 

mesopoorsed nanostruktuurid, mis omavad struktuure läbimõõduga alla 50 nm ilma, et oleks 

vaja järelkaltsineerimist.  

Märg-põlemise meetodi kasutamise eeliseks nano-komposiitmaterjalide ja 

funktsionaalsete katete väljatöötamisel on paindlikkus ja võimalus valmistada samast 

lähteainest väga erinevaid objekte: pinnakatteid, komposiite, fiibreid, ja pulbreid. 
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