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Introduction and objectives

Functional inorganic oxide layers have attracted significant attention in recent years due to their
unique properties and potential applications in various fields, including environmental
protection. Among the different types of inorganic oxides, aluminum oxide (Al.03) and
vanadium oxides (V20s) stand out as particularly promising materials. Aluminum oxide
(Al203) and vanadium oxide (V20s) thin films are functional inorganic materials that have been
extensively studied due to their high chemical stability [1,2], thermal resistance [3,4] , good

absorption ability [5,6] , and excellent catalytic effect [7,8].

Previous research has explored various methods for the synthesis of aluminum oxide (Al203)
and vanadium oxide (V20Os) thin films, including sol-gel [9,10], deposition methods such as dip
coating [11], and pulsed laser deposition [12]. These studies have focused on optimizing the
synthesis conditions to achieve high-quality thin films with desirable properties for specific

applications, such as photocatalysis [13—15], energy storage[16,17] , and water treatment [18].

This research aims to contribute to the current understanding of the synthesis and
characterization of aluminum oxide and vanadium oxide thin films and their potential

applications.

The focus of the research is to understand how these thin films can be utilized for environmental

protection and to determine their suitability for various applications.

The aim also is to provide a comprehensive analysis of the synthesis and characterization of
Al>03 and V205 thin films, and to identify the optimal conditions and to develop the synthesis
techniques and methodologies to produce these thin films, as well as to characterize their
physical and chemical properties.

The synthesis of Al.O3z and V20Os thin films was realized by using various methods such as sol-

gel, co-precipitation by dip coating deposition techniques.

The characterization of the synthesized thin films was performed by various techniques such as
grazing incidence X-ray diffraction (GI-XRD), scanning electron microscopy (SEM), thermal
analysis, nuclear magnetic resonance spectroscopy (NMR), and energy-dispersive X-ray
spectroscopy (EDX) being used to study the structure, composition, and morphology.



Motivation

There are several reasons why one might choose to study the synthesis and characterization of
aluminum oxide (Al203) and vanadium oxide (V20s) thin films. Firstly, both aluminum oxide
(Al203) and vanadium oxide (V20s) are important functional materials with a wide range of
applications, particularly in the fields of environmental protection, energy conversion, and
electronics. Thin films of these materials have unique properties that make them particularly
suitable for use in the applications, such as their ability to efficiently adsorption, catalysis, and

convert and store energy.

Additionally, the synthesis and characterization of Al,03 and V2Os thin films is a complex and
challenging field that requires a deep understanding of the underlying chemical and physical
processes involved. Studying these materials provides an opportunity to gain a deeper
understanding of these processes and to develop new and improved methods for synthesizing

and characterizing these materials.

Finally, the increasing demand for environmentally friendly and sustainable technologies has
driven significant interest and investment in the development of new and improved materials
for use in these technologies, making the synthesis and characterization of Al2O3z and V20s thin

films a particularly important and relevant field of study.
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|. Literature review
I.1. Thin films

Thin films are continuous layers of material with thicknesses ranging from a few nanometers
to several micrometers (Fig. 1). Thin films are typically deposited onto a substrate using various
techniques such as sol-gel method, physical vapor deposition, chemical vapor deposition, and
dip-coating. Due to their thickness and surface area, thin films also exhibit unique physical and
chemical properties that are different from bulk materials, such as increased surface area, higher

reactivity, tunable optical and electrical properties.

Thin films are used in a variety of applications, including electronic devices, solar cells, and
various coatings [19, 20]. Thin films of materials such as aluminum oxide thin films and
vanadium oxide thin films can exhibit different properties than their bulk counterparts due to
their nanoscale dimensions, making them of particular interest for research and development.
Therefore, the investigation of thin films of materials like aluminum oxide (Al.O3) and
vanadium oxide (V20s) is crucial for the advancement of nanotechnology and the development

of new technologies.

x

Thin B
Film
P/ dy

Figure 1. Thin film deposition on the substrate. [21]

o a,
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1.2. Overview of aluminum oxide

Al>03 is commonly referred to as alumina or aluminum oxide, which is a white or almost
colorless crystalline material. The main natural source of alumina is bauxite, and it contains
varying proportions of hydrous (water-containing) aluminum oxides. The crystalline
polymorphic phases of Al,O3 can be found in nature in the mineral corundum, ruby, and

sapphire.

The various crystalline phases of alumina can be divided into two groups based on whether they
include a face-centered cubic (FCC) lattice or a hexagonal compact-packed (HCP) of oxygen
ions. This last group is the most numerous [22], it contains the k (orthorhombic) and
(hexagonal), monoclinic 6’,0” and A phases in addition to the most stable a-Al>O3 phase [23].

The four metastable polymorphs that make up the FCC oxygen network alumina group are the
0 (monoclinic) [24], 6 (tetragonal or orthorhombic), and n (cubic spinel-type) phases. The 6-
Al>0s3 structure is the only known exactly among these metastable phases. The y and 1 phases
are quite similar, many authors refer to any cubic alumina phase as y-Al203 due to its significant
prominence [25]. Both spinel structures have one aluminum vacancy in the site of every 9 Al
atoms. The distinction between the two phases is made according to whether the vacancies are
all in site A, tetrahedral (y-Al203) [26], or all in site B, octahedral (n-Al203). It's interesting to
note that despite the similarity of their crystal structures, y and n-Al.O3 have very different

properties.

Aluminum oxide (Al203) thin films have attracted a lot of attention due to their excellent
transparency [27], broadband gap [28], chemical and thermal stability and aluminum oxide
(Al.03) posses several great properties (Table 1) . Its transparency extends throughout a broad
spectrum, from ultra-violet to mid-infrared. Aluminum oxide thin films have several uses in
optoelectronics, microelectronics, wear-resistant technology, catalysis [29,30,31], anticorrosive

coatings [32] , adsorption techniques [33] and surface passivation for solar cells [34].

12



Table 1. Properties of Aluminum oxide [35]

Crystal structure Trigonal

Molar Mass 101.96 g. mol-!
Density 3.954.1 g/cm?
Melting point 2072 <C

Boiling point 2977 oC

Thermal conductivity 30W.m. K+
Electrical resistivity 1x10=to 1x10: Q.cm
Tensile strength 69 to 665 MPa

Compressive strength

690 to 5500 MPa

Mohs hardness 9

Bulk modulus 137-324 GPa
Shear modulus 88-165 GPa
Young's modulus 215-413 GPa

e Gamma aluminum oxide (y-Al20z3)

Gamma aluminum oxide (y-Al203) is commonly employed as a support due to its excellent
mechanical strength, ability to be synthesized with a large surface area, and cost-effectiveness.
The surface characteristics of a substance are considered an extension of its bulk and thin films.
Although y-Al,0O3 has been utilized for many years, there is still ongoing debate about its
structure. This is primarily because the production of macrocrystalline y-Al.O3 has not been

achieved, with only nanocrystalline y-Al>O3 being successfully prepared (Fig. 2).

13



Figure 2. The lattice of y-Al2O3 is composed of 4 layers of tetrahedral and octahedral planes.

e Surface of y-Al203

Understanding the surface properties of y-Al2O3 is crucial. Gamma aluminum oxide serves as
an acidic catalyst and acts as a primary support for catalytic metal, metal oxide, and metal
sulfide particles. The morphology of y-Al>Os particles is inherited from boehmite particles, as
boehmite undergoes a topotactic transformation to become y-Al2O3. Typically, boehmite
nanoparticles exhibit a rhombohedral shape, characterized by a prominent (010) basal surface
and (100), (001), and (101) edge surfaces. These four boehmite surfaces correspondingly
transform into the (110), (110), (100), and (111) surfaces of y-Al203 [36]. The arrangement and
coordination states (5-, 4-, or 3-coordinated) of AI®* cations on the surface play a significant
role, as surface AI** cations with incomplete coordination are responsible for the Lewis acidity

observed on the y-Al>Os surface, which holds significant importance.

1.2.1. Preparation of aluminum oxide

Aluminum oxide thin films can be developed using a number of chemical and physical
processes, including atomic layer deposition (ALD) [37], chemical vapor deposition (CVD)
[38], pulsed laser deposition (PLD) [39], reactive magnetron sputtering [40], spray pyrolysis
deposition (SPD) [41], and dip coating (DP) [42], and sol-gel route [43,44]-[48]. Due to its
simplicity, affordability, and ability to regulate the structure and textural qualities, the sol-gel

technique is one of the best methods for producing aluminum oxide thin films [48].

14



The aluminum alkoxides, such as aluminum isopropoxide and sec-butoxide are often chosen to
make aluminum oxide thin film by sol-gel process [49, 50]. A few organic stabilizers are used
to enhance the quality and transparency of thin films as well as speed up or limit the rate of
hydrolysis of metal alkoxides [7,46]. Yoldas used the sol-gel approach to create the first

alumina thin films by applying an Al alkoxide precursor over a lengthy period of time [52].

From the inorganic Al salts, nitrate and chloride are also used in the sol gel process [53]. Several
authors have studied the effect of acids e.g., hydrochloric, or acetic acids to create sols. Sols

may be controlled by various factors, including molar ratio, time, and pH [54].

1.3. Overview of vanadium oxides

Vanadium oxides belong to the class of semiconducting metal oxides. Due to the different
material characteristics depending on the oxidation state, they have attracted increasing study
over the past few decades. Vanadium oxide can exist in various oxidation states from V?* to
V°* [55].

The most well-known substances are vanadium dioxide (VOz) and vanadium pentoxide (V20s).
These numerous substances have demonstrated their ability to be used in various real-world
contexts. At roughly 68 °C [56], vanadium dioxide undergoes an intriguing metal-insulator-
transition (MIT) phenomenon [57], changing its phase structure from a low-temperature
insulating state to a high-temperature metallic state [58]. One application of these unique
properties is for electrical and optical switching [54, 55]. On the other hand, vanadium

pentoxide V20s is a widely used substance in catalytic applications [61].

Vanadium oxide phases, which consist of mixed oxidation states are exist in two phases: the
Magnéli phases with VnO2n-1 or the Wadsley phases with V2,Osn-2 [8], [62]. Due to the large
number of vanadium-oxygen combinations that may be formed, they have a direct relationship
with their oxidation states. The frequently observed mixed valence oxides, which include both
V4 and V°* ions, can significantly affect the material's properties, giving rise to the opportunity

to modify the vanadium oxide composition to suit different application domains.
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e Sol—gel vanadium oxide thin films

The synthesis of vanadium oxide thin films using this approach is the most versatile method.
This technique offers a cost advantage compared to costly vacuum methods. Additionally, it

boasts other benefits such as zero material loss and the ability to coat both sides of the substrate.

The first step of the procedure is the formation of a colloidal sol solution serving as the precursor
for the second step, in which a continuous gel network is developed. Commonly employed
starting materials include metal alkoxides and metal chlorides, which undergo different

hydrolysis and polycondensation reactions.

Vanadium oxide (V20s) can be readily produced from both inorganic and metalorganic
precursors. Vanadium oxide gel exhibits long-term stability when stored in a sealed container,
lasting for months or even years. The emergence of the sol-gel process has generated fresh
enthusiasm for V20s gels, leading to rapid advancements in this area.

Numerous studies have documented various methods for synthesizing V.Os sols and gels in the
literature [63—65]. The sol-gel process relies on the hydrolysis and condensation reactions of

molecular precursors.

Aiping et al. [65] utilized a combination of the sol-gel technique and a hydrothermal method to
deposit Mo-doped V20s electrochromic films. The introduction of doping enhanced the
electrochemical and electrochromic properties of films. EI Mandouh et al. [63] employed an
inorganic sol-gel method to deposit V20s films on glass substrates. The substrates were
immersed in the sol and gradually withdrawn, allowing for the film formation process. The gel
formed on the substrate was allowed to air dry for 24 hours at room temperature. The prepared
films underwent a heat treatment process (ranging from 127 to 327 °C) to enhance their

adhesion and microstructure.

The researchers found that the direct band gaps of V20s films prepared via the sol-gel method
on glass substrates were 2.49 eV in their initial state and 2.42 eV after annealing at 200 °C. The
annealed films exhibited reduced band gaps due to the decrease in localized states within the
band gap caused by the annealing process. V20s-nH20 gels are composite materials that consist
of solvent molecules (H20) trapped within an oxide network (V20s). These gels possess
electronic properties originating from electron hopping within the mixed-valence oxide

network, as well as ionic properties arising from proton diffusion in the agueous phase [66].
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1.3.1. Structural and electrical properties of V205

Vanadium oxide has interesting structural and electrical properties that make it useful in various
applications. The saturated (highest oxidation state) oxide is V2Os. and consequently, that is the

most stable in the V-O system.

Vanadium pentoxide has an orthorhombic crystal structure [67]. The Pm-nm space group has
unit cell structure with lattice parameters a=11.510 A, b=3.563 A, and ¢=4.369 A. It is made
up of deformed trigonal bipyramidal coordination polyhedra of O ions around V ions and has a

layer-like structure (Fig. 3 and 4).

Vanadium pentoxide has an orthorhombic crystal structure with Pm-mn symmetry made up of
VOg octahedra structures that are connected from the unit cell’s corners and edges by bridging
oxygen atoms as shown in (Fig. 3). The structure possesses a relatively open framework, and

introducing oxygen vacancies into a crystal could potentially enhance its structural properties.

Most applications for vanadium oxide have been in the field of catalysis. The potential
application of V20s as an electrode material in lithium-ion batteries has garnered significant
attention [68]. Its use as an additional layer in solar cells has also been widely studied and is of
considerable interest [69]. According to most sources, the V20s phase is an n-type

semiconductor [61,62].

The existence of oxygen vacancies in the structure of the films, mostly because of lower valence
V# ions, and the hopping conduction mechanism that results have been widely acknowledged
as the basis for the electric conductivity of the V20s phase [72]. The unpaired electron is
positioned on two vanadium sites connected to an oxygen vacancy in this way. By hopping
electrons from lower valence states to higher levels, the electrical conductivity is created [73].
The preliminary orthorhombic V20s crystal structure can be distorted, leading to a new
symmetry when the concentration of V** ions and associated oxygen vacancies exceeds a
particular threshold. Additionally, it has been demonstrated that vanadium oxide thin films and
semiconducting with a mixed valence state composed of V°* and V* ions are p-type
semiconductors [74].
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Figure 3. Lattice of vanadium oxide red atoms represent the vanadium atoms and the blue
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V>0s is marked as blue dashed lines. The 3D view and the projected views of (100), (010),
and (001) facets are depicted as well [76].
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Vanadium pentoxide thin films (V2Os) were made using a variety of techniques, including
pulsed laser deposition [77], spray pyrolysis [69,70], chemical vapor deposition [80], sol-gel
[81], [82], spin coating [74,75], atomic layer deposition [85], sputtering [86] and dip coating
[87]. These applications mostly focus on the film-growing techniques and the material
properties connected to the shape and crystallinity of the film surface [88]. Dip coating is an
affordable and straightforward experimental method for maintaining uniformity, quality, and
repeatability. Various parameters, such as immersion time and dipping rate, can influence the

properties of the resulting films [65].

Margoni et al. studied the effect of substrate temperature on the structural, optical,
morphological, and electrical properties of V20s by adding nitric acid [89], Chu et al. prepared
nanostructure V20s film using oxalic acid by hydrothermal treatment [90], George et al.,
reported the preparation of vanadium pentoxide by dip coating using polyethylene glycol and
nitric acid [91].
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I1. Methods of synthesis and characterization

11.1. Synthesis methods

11.1.1. Sol-gel technique

This method produces highly homogeneous, cost-effective materials with defined, proposed
structure. The sol-gel method is an excellent cost- and energy efficient technique. The sol-gel
process is a versatile technique, it produces coatings and thin films, monoliths, composites,
porous membranes, powders and fibers [92]. The texture and surface qualities of the materials
may be well controlled due to the solvent medium of technique. Controlling and tailoring the

material structures is possible even in the nanoscale or molecular range.

In general, the sol-gel process can be divided into five stages, which are outlined below (Fig.
5). The fundamental reactions such as hydrolysis and condensation of molecular precursors
produce a transparent colloidal system: sols or gels (1,2 stages). The 3. stage is the aging, 4. is
drying, and 5. the heat treatment [93] (Fig. 5).

Hydrolysis

Polymerization

Precursor slution

Gelation\Evaporation
Annealing
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|

HideiWaWAIS  Dense Film

werssa
Figure 5. Sol—gel thin films deposition process [94].
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11.1.1.1. Hydrolysis

Hydrolysis means a reaction of precursor molecules with water. The typical precursor
molecules are metal alkoxides (M-OR). The following is the general chemical reaction for the

hydrolysis process:

-M-OR @) + H20 § -MOHi) + ROH Eq. 1

where M=metal atoms, R=alkyl groups (CnH2n+1). The amount of water strongly influences the

gel formation, a higher water content facilitates the development of loose structures.
But inorganic metal salts are also applied as precursor molecules. Its hydrolysis reaction:

Al(H20)6** @g) + H20 S Al(H20)5(OH)?*@g) + H3O* Eq. 2

11.1.1.2. Condensation

When water or alcohol molecules are removed from the hydrolyzed compounds, bonds develop
between the compounds. Condensation may be realized through two processes: olation, which
involves the formation of a shared hydroxyl (-OH-) group between two metal centers; and

oxolation, which means the development of an oxo (—O-) bridge between two metal centers.
The following is the general chemical reaction for condensation:

Olation: M-OH + XO-M (+ H+) § M-(OH)-M + XOH Eq. 3
Oxolation: M-OH + XO-M & M-O-M + XOH Eq. 4

X may be H or R groups.
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11.1.1.3. Aging

Structural changes persistently occur following the formation of a 3D gel network. The
processes of aging are categorized as polymerization, coarsening, and phase transformation.
Polymerization results in an increase in the connectivity of the network. The gel network
becomes denser. Coarsening or ripening is a process of dissolution and reprecipitation driven
by differences in solubility and it leads to an increase in the size of particles and a decrease in

the size of pores.
11.1.1.4. Drying

Different drying techniques can be employed to extract the liquid from the gel, resulting in
different gel structures: atmospheric/thermal drying leads to the formation of xerogel,
supercritical drying yields aerogel, and freeze-drying produces cryogel. Each technique has a

unique effect on the structure of the gel network.
11.1.1.5. Thermal treatment

This final calcination step is used to remove any remaining residues, by-products, and solvent
molecules from the powder. The important aim is to create the final bonding structures.
Calcination temperature is a critical parameter in controlling the material's pore size and

density.

11.1.1.6. Structural influential parameters

The following factors significantly influence sol-gel chemistry [95]:

e pH: Under acid-catalyzed conditions (pH < 5), the hydrolysis is favored, the
condensation reactions are limiting. Under basic conditions (pH>8) the condensation
will be favored.

e Catalysis: Acidic or basic catalysts are often employed to influence the density of the
3D gel structure.

e Solvent quality: Alkoxides are not miscible in water, the precursors, water, and
potentially the catalyst must all be mixed in a single solvent. To avoid probable
interactions between the different components and the alteration of the kinetics
reactions, the alcohol-related to the ligand -OR of the alkoxide must be used.

e Solvent content: considerably determines the density of the 3D gel structure.

e Additives: drive and control the structure.
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11.2. Deposition methods

11.2.1. Dip-coating (DP)

Dip-coating is a rapid and versatile film-formation technique that effectively complements sol-
gel methods [96]. Dip-coating is a method of depositing thin films on a substrate by dipping it
into a viscous or colloidal solution of precursors and then withdrawing it at a controlled rate.

This process is repeated multiple times to build up the desired film thickness. The dipping and
withdrawal process is typically carried out at regular intervals to ensure a uniform coating on
the substrate. The characteristics of precursor solutions have a significant impact on the quality
of the deposited layer. It is important to choose a suitable solvent, which must being simple to
remove during subsequent annealing [97]. The surface of the substrate should not be permeable
and must permit the crystallization of a film on it [98]. The substrate must be able to endure the
chemical properties of the layer while keeping structural integrity throughout subsequent

heating processes.

substrate

a) dipping b) withdrawal c) evaporation

Figure 6. Sequential stages of the dip-coating process: (a) dipping, (b) withdrawal and (c)

evaporation of the solvent [99].
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To achieve an equilibrium between the substrate surface and the solution, the substrate should
be given a short period of rest after being submerged in the liquid (Fig. 6).

Apart from other factors like liquid viscosity, surface tension, and evaporation rate. The
deposition rate is a critical parameter in dip-coating. The withdrawal rate of the substrate from
the precursor solution significantly affects the outcome of the deposition process [92,93]. A

slower withdrawal rate results in a thinner layer on the substrate.

11.2.2. Atomic layer deposition (ALD)

During ALD, a sample substrate is subjected to alternating dosages of various vapor- or gas-
phase species, and thin films are built up layer by layer in cycles. A sub-monolayer of material
is deposited in each [102]. A typical ALD cycle consists of four steps.

The sample is exposed to a precursor in the first stage. Cleaning is carried out in the second
stage to cleanse the reactor of any remaining precursor. The sample is then exposed to a co-
reactant in the next phase. Both half-cycles are saturated, resulting in a specific amount of
growth per cycle, or GPC. The two half-cycles are repeated in an ABAB pattern to achieve the
desired film thickness. ALD produces highly conformal and homogeneous films with exact
thickness control, which is required for a variety of micro- and nano-scale applications due to
its self-limiting surface reactions. Metal oxides, nitrides, carbides, chalcogenides, metals, and

other materials are currently among the materials that ALD may create [102].

11.2.3. Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) is a widely used method for depositing high-quality and
high-performance thin films on a substrate through a chemical reaction between a vapor-phase
precursor and a surface. The reaction occurs at high temperatures and/or pressures, which
activate the precursor and promote the desired chemical reaction. The process can be optimized
by understanding the chemistry involved, and theoretical chemical modeling can provide
detailed information about the surface and gas phase chemistry [103]. Chemical vapor
deposition is commonly used in the semiconductor industry for depositing thin films of various
materials and in other industries for producing hard coatings and wear-resistant surfaces. There
are different types of chemical vapor deposition techniques, each with its own advantages and
limitations, which are chosen based on the specific application and desired properties of the
thin film.
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11.2.4. Spray pyrolysis (SP)

Spray pyrolysis is a technique primarily utilized in industrial settings rather than in laboratories
for synthesizing submicron materials. Spray pyrolysis is an efficient, cost-effective, and
adaptable approach, often considered a bridge between liquid and gas-phase techniques [104].
The different precursor solutions might be colloidal or a real solution that contains metal ions.

The subsequent steps outline the process of fabrication [105]:

e Dissolve the inorganic precursors in a suitable solvent to acquire the liquid source.

e Utilize a two-fluid atomization or an ultrasonic atomizer to produce droplets from this
liquid source.

e A carrier gas is used to transport the droplets into a heated chamber.

e The droplets are vaporized within the chamber and subsequently captured using a filter,
enabling the disintegration of the droplets to generate the corresponding materials, often
oxides.

e The use of two-fluid atomization provides the benefit of high throughput, but the

drawback is the wide particle size distribution.

Spray pyrolysis, like any other technology, has some limitations, including difficulty scaling

up (lower yield) and challenges determining the growth temperature.

25



I11. Experimental details

I11.1. Synthesis of aluminum oxide thin films

I11.1.1. Layer from Al2O3 suspension

An aqueous colloidal sol was prepared from Al.O3z powders. The sol was stirred for 2 hours at
70 °C. Various sol concentrations (1 M, 0.75 M, 0.5 M, and 0.25 M) were used for the layer
procedure [106]. To enhance the adhesion of the layer on a quartz substrate, an IGEPAL
solution was introduced to each precursor system under ultrasonic conditions [107]. Each layer
was applied using the dip-coating method, and the solvent was eliminated by heating the

samples at temperatures between 80-90 °C.

In all instances, the Al.O3 layer was subjected to a heat treatment at 600 °C. The layers as
commercial materials obtained by this widely used industrial technique make for comparison

purposes.
111.1.2. Layer from boehmite suspension

A colloidal boehmite sol has been obtained by partial dissolution of boehmite powders (BASF)
in an acid medium. The most suitable acid medium is the aqueous solution of acetic acid (HAC).
Boehmite powders were reacted with acetic acid in various molar ratios to Al: 0; 0.05; 0.1; 0.5;
1.0; and 2.0 [108]. The reaction was carried out under stirring at 70 °C for 2 hours. The final
sol concentration was also varied. The subsequent preparation steps align with those described

in paragraph 3.1.1.
111.1.3. Layer by sol-gel method starting from basic Al acetate

The starting solution has been prepared by dissolving the aluminum acetate (Al (OCH,CHs),0OH,
AlAc) in NaOH solution in 0.11 molar ratio of OH/AI and heated at 55 °C for 1 hour under
reflux. Various acids (HCI, acetic acid, and citric acid) were added to the basic solution to
achieve pH=7 [108].

In another sol-gel preparation route, the layer synthesis started using two types of Al precursors.
Basic aluminum acetate and boehmite sol were reacted in a common solution. The aluminum
acetate was separately dissolved in NaOH solution in molar ratio 0.11 and stirred at room
temperature for 1 hour. The boehmite colloid solution was also separately prepared from

boehmite powders with acetic acid in molar ratio of 0.5. The boehmite sol and the basic solution
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of AIAc were mixed in various ratios and heated at 55 °C for 1 hour under reflux. The
subsequent preparation steps align with those described in paragraph 3.1.1.

I11.1.4. Layer by sol-gel method starting from Al nitrate

Aluminum nitrate (Al (NOz)3- 9 H>O, Aln) was dissolved in 1-propanol in a molar ratio of 0.12.
This solution was kept under stirring at 80 °C for 15 hours. During the treatment, hydrolysis
reactions occur, along with condensation reactions at a lower rate. A concentrated solution is
obtained through partial evaporation of the solvent, which promotes further condensation
reactions. The viscous solution is then dried at 80 °C. The macroporous foam product obtained

can be immersed in distilled water, using 10 or 20 mass ratios of water/solid material [108].
I11.1.5. Layer by sol-gel method starting from Al isopropoxide

The experiments using Al isopropoxide serve two purposes: first, as a comparative sol-gel
preparation based on the Yoldas method; and second, as the development of a new sol-gel

procedure originating from a typical sol-gel precursor, such as Al isopropoxide.

In accordance with Yoldas's approach [47], AliPr was dissolved in distilled water with a molar
ratio of 156 and stirred at 80 °C for 1 hour, resulting in the formation of a slurry. Acetic acid
was then introduced to the slurry in a molar ratio of 4.9 AI**/HAc. This system was stirred at
80 °C for 8 hours, leading to the conversion of the slurry into a transparent sol solution.

In our sol-gel application, we dissolved aluminum isopropoxide (Al (OCH(CHs)2)s, AliPr,
98%) in 1-propanol with an Al to propanol molar ratio of 0.04 and stirred the mixture at 60 °C
for 2 hours. To the solution, we added ethyl acetate (EtAc) or acetic acid (as a peptizing agent)
and water in an AI**’Ac molar ratio of 12.25 and a distilled water to AI** ratio of 10. The solution
was then treated at 60 °C for 3 hours. The resulting sol required an additional 24-hour treatment

to achieve a gel-like structure.

In every sol-gel approach, an IGEPAL solution was employed as a non-ionic surfactant to

improve the bonding between the layer and the quartz substrate [109].

Maintaining clean surfaces is crucial for a wide range of applications, particularly in the fields

of semiconductor devices and microelectronics [110].
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The dip-coating technique was utilized to apply all solutions onto a quartz substrate. When
devising strategies for substrate cleaning, it is imperative to ensure that the selected methods
efficiently eliminate contaminants while preserving the surface's integrity. Prior to coating, the
substrate underwent through a cleaning procedure that included the use of acetone, ethanol, and
deionized water. Then the layers were dried at 70 °C for 1 hour and subsequently heated at 600
°C for 3 hours.

I11.2. Synthesis of vanadium oxide thin films

In these experiments, the primary method of preparation was sol-gel synthesis, complemented
by thermal decomposition. Additionally, melting was employed as a comparative process.
Ammonium metavanadate (NH4VO3, Merck, > 99% purity), volatile vanadate salts, our
custom-created ammonium decavanadate ((NH4)s[V1002s]) as a precursor containing V°*, and
vanadyl acetylacetonate (VO (acac)z, Merck, > 99%), as well as VO2 (Merck, 98%) as V**

containing precursors were used in our syntheses.

The effect of various chemical additives, including acids, reducing agents, and surfactants, was
examined to assess their influence on the quality of the deposited layers. Vanadium oxide thin
films were deposited on glass substrates using the dip-coating technique, with the process

conducted at a temperature of 400°C.
I11.2.1. Sol-gel synthesis starting from NH4VO3

Ammonium metavanadate (NH4VO3) was mixed with distilled water to dissolve resulting 0.21
mol.dm™ concentration and stirred at 50 °C. Without an acidic medium is not possible to get a

clear solution yellow sol.

To obtain a transparent homogeneous system, it is necessary to maintain a pH of 2, leading to
the formation of vanadic acid (HsVOa) in the orange-coloured solution. In the synthesis
experiments, various acid reagents, such as nitric acid (HNOs3), acetic acid (HAc), and citric
acid were added to the solution. In addition to acids, a cation exchange process was employed
to obtain vanadic acid (H3VOa).

Several experiments were conducted using different chemical additives, including oxalic acid
at a concentration of 40 % by weight of metavanadate, ascorbic acid at a concentration of 120
% by weight of metavanadate, and ethyl acetate at a concentration range of 30-50% by weight

of metavanadate. Various surfactants, such as Pluronic L61 (a polyoxyethylene block

28



copolymer), non-ionic Triton X 100 (glycol tert-octyl phenyl ether), and cationic CTAB
(cetyltrimethylammonium bromide) at concentrations of 5-10 % by weight, were also used.
These systems were found to be suitable for dip-coating. The optimal concentration for the
dipping process was determined to be 35% by weight of metavanadate. Dip-coating was found
to be more effective, resulting in high-quality layers, particularly when surfactants were
employed. Heat treatment was carried out at both 70 °C and 400 °C [111].

I11.2.2. Synthesis starting from VO:

Ethanol was used to disperse VO; in 20 g-dm concentration, followed by the addition of oxalic
acid (10 g - dm-3). The resulting solution is stirred at 50 °C for 2 hours to create a sol solution.
The substrate could then be dipped into the sol to obtain thin films, which are subsequently
treated at temperatures of 80 and 400 °C [111].

111.2.3. Synthesis starting from vanadyl acetylacetonate, VO(ac)2

To prepare the solution, vanadyl acetylacetonate VO (acac): is dissolved in propanol with a
concentration of 0.125 mol - dm™. The solution was then stirred at ambient temperature for a
duration of 24 hours. Dipping of the layer can be performed using this highly viscous system
[111].

The addition of ethylene glycol can elevate the viscosity of alcoholic solutions. The layer was
subjected to drying at a temperature of 80 °C for a duration of 1 hour. To prevent the oxidation
of V* to V°*, the heat treatment should be conducted within the range of 400 - 600 °C under a

N2 atmosphere.

111.2.4. Synthesis starting from ammonium decavanadate

The most stable form of V19 can be achieved in acidic conditions (pH 3 to 6). A decavanadate
salt, [Voso(H20)s]2[H2(V10028)] -4(H20), was obtained by the reaction of NaVOsz with
quinhydrone (C12H1004) (in 1: 3 molar ratio) in a medium of pH 5-6 adjusted with glacial acetic
acid. The mixture of reactants is dissolved in the ethanol-water mixture (40: 60 v/v ratio) and
refluxed at 60 °C with stirring. As a result, the solution of ammonium decavanadate can be

directly used for layer formation. The resulting layers are then treated at 80 and 400 °C.

During the dip-coating process for thin film preparation, the glass substrates underwent

ultrasonic cleaning using acetone, ethanol, and deionized water. Afterwards, the substrates were
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immersed in the colloidal solution for a duration of 2 minutes, with a withdrawal speed of 30
mm/min using an automated dip-coater (PTL-MMo: Dip Coater). The films were left to air-dry
at room temperature and subsequently heat-treated at 400 °C. This procedure was repeated to

achieve the desired film thickness.
I111.3. Investigation Methods

111.3.1. Scanning electron microscopy (SEM)

The surface coverage and layer thickness were examined using an FEI Quanta 3D FEG
scanning electron microscope. SEM images were obtained using the Everhart-Thornley
secondary electron detector (ETD), which provides an ultimate resolution of 1-2 nm. Due to
the high conductance of the particles studied, electric charges on the surface were readily
removed, allowing for SEM imaging in a high vacuum without any coverage on the specimen
surface. For optimal SEM visibility, the particles were deposited onto a HOPG (graphite)
substrate surface. Additionally, SEM combined with energy dispersive X-ray spectroscopy
(EDX) was used for spatially resolved chemical analysis of monolith samples.

111.3.2. Reflection optical microscopy (ROM)

The surface of layers has also been investigated by reflection optical microscopy, which is part
of the atomic force microscopy (AFM) instrument (Park System, XE-100, South Korea)

Measurements were performed in air at 25 °C in non-contact mode.
111.3.3. Grazing incidence X-ray diffraction (GIXRD)

GIXRD measurements were performed by a Rigaku Smartlab X-ray diffractometer equipped
with a 1.2 kW copper source (radiation wavelength: CuKa; A = 0.15418 nm). To reduce the
effect of the substrate, a grazing incidence parallel-beam geometry was used with an incidence
angle of ® = 1°. Scans were performed in the range 20 between 10°-110° with a 1D silicon
strip detector (D/Tex ultra-250) at a speed 0.2°/min.

111.3.4. UV-Visible spectroscopy

The transmittance of thin films was measured using a Dynamica spectrophotometer equipped
with a UV-detection program at room temperature, covering the wavelength range of 200-1000

nm through UV-Visible spectroscopy.
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111.3.5. FTIR spectroscopy

The IR spectra were recorded on a Bruker Alpha Fourier transform spectrometer equipped with

a single reflection diamond Attenuated total reflection (ATR) unit with a resolution of 2 cm™.
111.3.6. 5V nuclear magnetic resonance spectroscopy (NMR)

v (1=7/2, 99,75% abundance) NMR measurements were performed on Bruker Avance-1II
NMR spectrometer with a 4 mm MAS probe at 11.744 Tesla. All samples were measured at
131.48 MHz resonance frequency with a single pulse sequence using a 15-degree flip angle,
and a 1 s relaxation delay. 2 K data points were accumulated at 9, 10, or 11 kHz MAS rotation
speed. Typically, 1024 FID signals were accumulated to increase the signal-to-noise ratio. 4 K
real spectrum points were calculated applying zero filling and 100-500 Hz line broadening on
the FID data points. VOCIz was used for the external standard of the ppm scale. VVanadium (V)
spectra were observed in a 4750-ppm spectrum window. Vanadium (IV) nuclei were measured
in a 9500-ppm wide window because of their bigger CSA, quadrupole, and paramagnetic
anisotropy. The very wide spectrum range resulted in strong baseline distortions of the spectra
which were eliminated by a modified SOLA computer simulation program of BRUKER
TopSpin software. The advantageous possibility of 'V NMR measurements is vanadium
isotope frequency of 99.75%, well measurable in oxidation state of 5+, the evaluation of >V

NMR spectra is reliable and unambiguous however, this method also presents some challenges.

111.3.7. pH meter
The pH has been measured by education line EL20 (Mettler-Toledo) calibrated with different
buffer solutions of pH 4.01, 7.00, and 9.21.

111.3.8. Dip Coater Machine
Desktop dip coater with variable speed (1-200 mm/min) - PTL-MMO01
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IVV. Results and discussion

The gamma-aluminum oxide (y-Al203) thin films can serve as effective protective coatings in
energy-efficient compact fluorescent lamps which contain the mercury gas, enhancing their
durability and performance [112]. The alumina layer protects the glass against the formation of
sodium amalgam black pattern or HgO layer, since the blackening of the glass reduces the UV
emission. The high energy of UV radiation furthers the diffusion of sodium ions from the glass
body to the inner surface of quartz tube, and neutral sodium atoms may be created by the
electrons of the discharge region. On the inner wall of the quartz tube, sodium amalgam black
pattern forms by reaction of the mercury atoms with sodium atoms.

The y-Al2O3 layer serves to prevent the discharge of mercury ions and blackening of the glass
surface in compact fluorescent lamps, thereby contributing to their environmental performance.
To ensure that the y-Al2O3 layer meets this requirement, it must maintain transparency. The
transparency of the coated quartz tube is monitored using UV-Visible spectroscopy, with a

particular focus on transmittance measurements within the UV range.
IV.1. Synthesis of gamma-aluminum oxide thin films

The main aim of the syntheses process is to create high-quality transparent y-AlO3z nanofilms
that form a continuous, uniform coverage over the surface of the quartz substrate. The other
aim was to investigate which precursor system is preferred for layer formation. The sol
(suspension or slurry) or the gel-like system. In the sol or slurry systems content separated
particles of nano or um ranges, respectively. The gel-like systems consist of a three-dimensional
(3D) network structure. During the synthesis the starting materials, additives, catalysts, and the

synthesis techniques were varied.

IV.1.1. Layer from boehmite suspension

In the first experiments, thin films were prepared from aqueous sol solutions of boehmite [ AIO
(OH) | or Al,O3 using a dip-coating technique. Based on the transmittance results obtained from
UV-Visible spectroscopy, the layers produced from boehmite sols exhibit significantly better
transparency compared to those derived from Al>Os sols (Fig. 7). Different commercially
available Al>Oz layer products (German Heraus and Japanese Chyoda tubes) were served the
comparison. The notable disparity in their characteristics can be attributed to the incorporation

of acids during the synthesis procedure.
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Figure 7. Transmittance of layers prepared from boehmite and aluminum oxide suspensions

and commercial Al2O3 layer products.

Among the investigated acids (HCI, HNOs, HACc), acetic acid (HAc) demonstrated the highest
efficiency in terms of enhancing the overall quality of the prepared layers. The acetic acid can
attack and partly dissolve the surface of boehmite particles. Moreover, the acetate anions can
connect two Al ions from surfaces as a bidentate ligand (Fig. 8). The shared OH groups and the

bidentate acetate ligands support and stabilize the formation of a continuous layer.
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Figure 9. Transmittance of layers prepared from boehmite sol in the function of acetic acid.
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The optimal molar ratio of HAc has been identified in the precursor sol solution. The ideal
HAc/Al molar ratio was found to be 0.50 for optimal layer quality (Fig. 9,10). The larger HAc
volume results in too strong acidity, which hinders the OH and acetate substitution and the
condensation reactions. The concentration of the initial sol solutions was also investigated. As
illustrated in (Fig. 11), a lower concentration of boehmite results in thinner layers and higher

transmittance values.
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Figure 11. Transmittance of layers in the function of concentration of boehmite sol prepared
with 0.5 molar ratio of HAC/AI.



To identify the temperature at which boehmite transforms into gamma-aluminum oxide (y-
Al>03), the boehmite sol particles were subjected to various heat treatments and analyzed using
a grazing incidence X-ray diffractometer (Fig. 12). The findings indicate that the optimal heat

treatment temperature range for the formation of y-Al2O3 lies between 600-800 °C.
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Figure 12. Grazing incidence X-ray diffraction (GI-XRD) of boehmite vs. temperature

The goal of the scanning electron microscopy investigation, as depicted in (Fig. 13), was to
assess the surface coverage of the quartz substrate and the thickness of the layers. The layer
derived from boehmite sol exhibited complete and uniform coverage of the substrate, with a
thickness of 110-120 nm. The optimal preparation conditions were identified as a 0.5 molar
ratio of HAc/Al and a sol concentration of 10 g/I.

Scanning electron microscopy investigation represents the layer formed from Al>O3 suspension
was less homogeneous and contained some particles of < 1 pm (Fig. 14). The thickness of this

layer (135-145 nm) was greater than that of the boehmite-derived layer, resulting in reduced
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transmittance. The lower quality of this layer can be attributed to the reduced reactivity of
Al>Oa.

The EDAX analysis presented in (Fig. 15) confirms the existence of aluminum (Al) and oxygen

(O) atoms within the layer derived from boehmite sol.

Figure 13. SEM images of Al>Os layer obtained from boehmite suspension with 0.5 molar
ratio of HAc/AI. The layer thickness is 110-120 nm. Magnification: 25 000x; 100 000x, 65
000x.

Figure 14. SEM images of Al,Os layer obtained from Al>Oz suspension. The layer thickness
is 135-145 nm. Magnification: 25 000x; 10 000x, 80 000x.
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Figure 15. EDAX measurement of Al,O3 layer obtained from boehmite suspension with 0.5

molar ratio of HAc/Al on quartz substrate.

IVV.1.2. Layer by sol-gel method starting from basic Al acetate (AlAc) salt

Various parameters were varied in the sol-gel syntheses, including the initial materials such as
aluminum acetate, nitrate, and isopropoxide, as well as the concentration of acid catalysts such
as hydrochloric acid (HCI), acetic acid (HAc), citric acid, and nitric acid (HNOs). Additionally,
additives like boehmite powder were introduced. The application of aluminum acetate and
nitrate yielded significant innovations, while the use of aluminum isopropoxide served as a

basis for comparison.

The application of acetate anions can be attributed, in part, to their environmental benefits.
These anions can decompose into harmless molecules (CO2 and H20) during the heat treatment
process. Another aspect of acetate's application is its role as bidentate ligands, facilitating the

bonding between aluminum ions.

The transmittance values vigorously depend on the acid concentrations. The best transmittance
value can be achieved at 2 molar ratios in the case of strong acid such as hydrochloric acid
(HCI) (Fig. 16). In the treatment with weak acid (HAc), the molar ratio of 10 proved to be
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optimum value. The larger ratios than 10 mol HACc/AIl did not appear to improve the
transmittance (Fig. 17).
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Figure 16. Transmittance of sol-gel derived layers prepared from Al acetate in the function of
HCI.
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Figure 17. Transmittance of sol-gel derived layers prepared from Al acetate in the function of
acetic acid (HAC).

The gel-like system obtained from aluminum acetate were subjected to treatment with different
additives, such as citric acid and boehmite powders. Citric acid played a role in coordinating
with aluminum ions, aiding in the formation of a continuous layer. The presence of boehmite
powders initiates first the formation boehmite then gamma Al>Oz phases. In this system, citric
acid could be applied up to a maximum molar ratio of 1.0. Ratios exceeding 1.0 resulted in the
formation of inhomogeneous layers. (Fig. 18) illustrates the impact of different acids, along
with their optimal ratios, and additives on the transmittance. The layer created using aluminum
acetate in the presence of boehmite demonstrated the highest transmittance value. The mass

ratio between aluminum acetate and boehmite was 1:1.
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Figure 18. Transmittance of sol-gel derived layers prepared from Al acetate (AlAc) with

various additives.

The utilization of both acids and boehmite results in the formation of gamma Al.Os3 layers upon
heat treatment at 600 °C, as depicted in (Fig. 19). The analysis of GIXRD spectra was conducted

using reference cards from JCPDS, namely JCPDS 29-0063 for gamma Al.O3, JCPDS 46-1215
for delta Al>O3, and JCPDS 21-1307 for pseudo-boehmite.
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Figure 19. XRD spectrum of sol—gel derived Al>Os layers prepared from Al acetate with HCI
(upper), HAc (middle), and boehmite (lower)
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Regarding the SEM images of the layers generated from aluminum acetate in the presence of
HCI, HAc, and boehmite, each layer exhibits a continuous and crack-free coverage of the quartz
surface (Fig. 20-22). The thinnest layer, measuring 50-60 nm in thickness, is achieved by
combining aluminum acetate and boehmite (Fig. 22). The surface of this layer closely resembles

that of the layer derived from the sole precursor, boehmite.
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Figure 20. SEM of sol-gel derived layers prepared from Al acetate (AlAc) with HCI.
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Figure 21. SEM of sol-gel derived layers prepared from Al acetate (AlAc) with HAc.
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Figure 22. SEM of sol-gel derived layers prepared from Al acetate (AlAc) with boehmite.
Magnification: 25 000x; 100 000x, 120 000x. Layer thickness is 50-60 nm.

IV.1.3. Layer by sol-gel method starting from Al nitrate

By employing Al nitrate as the precursor, the highest-quality layer can be obtained when using
a water-to-dried gel mass ratio of 20. Diluting the mixture further does not result in the

production of continuous coatings. The Al nitrate layer exhibits exceptional transmittance, as
illustrated in (Fig. 23).

95

90

85 4

=
—
3 80
© 80 4
]
=
& 75 mass ratio of
C .
E water/dried gel
70 . —20x
= 10X
— 5x
65 -
60 T T T T T T T T T T T
200 220 240 260 280 300

wavelength/nm

Figure 23. Transmittance of sol-gel derived layers prepared from Al nitrate.
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The layer exhibits a smooth surface and crack-free surface, as depicted in (Fig. 24). With a
thickness ranging from 55 to 65 nm, it qualifies as a nanofilm. Following the heat treatment at
600 °C, a slightly disordered y-Al>O3 phase emerges. However, the GIXRD diagram shown in
(Fig. 25) reveals the absence of the 100 peaks of y-Al.O3 at 67°. The use of Al nitrate precursor
presents a single drawback, namely the release of nitrous gases during both the gelation process

and heat treatment.

Figure 24. SEM of sol-gel derived layers prepared from Al nitrate.

Magnification: 25 000x; 100 000x, 120 000x. The layer thickness is 55-65 nm.
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Figure 25. GIXRD spectrum of sol-gel derived Al,Oz layers prepared from Al nitrate.
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IV.1.4. Layer by sol-gel method starting from Al isopropoxide

The application of Al isopropoxide (AliPr) in experiments does not yield layers of optimal
quality. However, employing the Yoldas synthesis method produces layers with respectable
quality, featuring a thickness of 75-85 nm and sufficient transmittance. Based on these results,
attempts were made to develop a new approach starting with Al isopropoxide. However, the
layer quality achieved through our method was deemed insufficient when compared to layers
obtained through other methods (Fig. 26, 27). Considering the quality of the layers and the cost
of AliPr, the application of AliPr was dismissed.
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Figure 26. Transmittance of sol-gel derived layers prepared by Yoldas and our methods from

Al isopropoxide.
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Figure 27. SEM images. The upper layers were prepared by the Yoldas method from Al
isopropoxide. Lower layers were produced by our sol-gel technique from Al isopropoxide.
Magnification upper: 25 000x; 100 000x, 120 000x; lower: 10 000x, 100 000x, 100 000x.
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IV.2. Comparison of Al.Os layers prepared by various synthesis routes

The following table and figure are provided to facilitate the comparison of aluminum oxide
layers based on specific layer parameters (Table 2 and Fig. 28). Among the sol-gel syntheses
conducted, two methods yield the highest quality layers: one starting from Al acetate with the
addition of boehmite and HAc, and the other starting from Al nitrate (Table 2 and Fig. 28).
These layers exhibit a long-lasting protective nature, as they were monitored over a 500-hour

period of application.

Table 2. Comparison of Al>O3 layers prepared by various synthesis routes.

Synthesis Transmittance Layer thickness

( (precursor + additive) at 254 nm (%) (nm) OBl G e

Boehmite (0.5 mr HAc) 90.1 110-120 good
Al,O5 67.7 135-145 moderate

AlAc (NaOH + 10 mr HAc) 86.6 60-105 good
AlAc (NaOH + 2 mr HCl) 81.8 130-150 moderate
AlAc (NaOH + boehmite + HAc) 90.3 50-60 excellent
Al nitrate (20x water) 90.3 55-65 excellent
AliPr (our synthesis) 75.1 45-100 moderate
AliPr (Yoldas synthesis) [27] 81.8 75-85 excellent
German commercial product 85.3 130-170 excellent

Japanese commercial product 72.9 - good

AlAc: basic Al acetate, HAC: acetic acid, mr: molar ratio to Al, x; mass ratio of water to dried
gel, AliPr: Al isopropoxide.
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Figure 28. Comparison of the transmittance of y-Al.Oz layers prepared by various techniques

with commercial products (Heraus, Chyoda, and Lighttech).

Al acetate is the best initial material due to its environmentally friendly decomposition and the
acetate ions support and stabilize the formation of continuous layers by connecting two Al ions
as a bidentate ligand. Acetic acid and boehmite powders as additives proved to be most efficient
for the improvement of layer quality. Acetic acid is capable partly dissolve boehmite powders

and boehmite initializes the development of gamma-aluminum oxide ( y-Al203) phase.

In the comparison between colloidal suspensions (sol or slurry) and gel-like systems for layer
formation, the gel-like systems have demonstrated greater suitability. The three-dimensional
network developed by gel systems derived from gel-like precursors ensures the creation of
continuous films and enables precise regulation of layer thickness. Conversely, suspensions,
particularly slurries, are commonly used as precursor systems for coating applications.
However, they often yield thicker layers that may not provide optimal surface coverage due to
the presence of larger particles.
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IV.3. Synthesis of Vanadium Oxide Thin films

IV.3.1. Effect of vanadium precursors

The choice of vanadium-containing materials has a significant impact on the structure of the
resulting layers. When using NH4VOs as the starting material, it is crucial to achieve a pH of
approximately 2 in the initial solution to form H3VVO4 molecules. Only H3VVO4 molecules can
realize condensation reactions and form a three-dimensional network. The presence of the VO*
anion hinders condensation and leads to the formation of polyvanadate. In these experiments,
only vanadium(V)-containing materials were prepared. The optimal concentration for the
dipping process is a 35% weight-to-weight ratio of metavanadate solution. The quality of the

layers is strongly influenced by the degree of acidification.
IV.3.1.1. Vanadyl (V) acetylacetonate precursor

The aim of the application of vanadyl (IV) acetylacetonate (VO (acac),) was to prepare a V'v-
containing layer. VV'V-content is needed for more intensive electrical properties [113]. VO, was
proved to have better electrochemical performance compared with V,0s [114]. VO (acac). has
several advantages compared to vanadium alkoxides as typical sol-gel precursors. VO (acac),
can be characterized by its low price, low toxicity, highly stable against precipitation, and rapid
hydrolysis. From VO (acac), an ester forms by elimination of a C;H, group, which transforms

into anhydride in the first step, then into VO, by further heat treatment [115].

VO(acac)2 + H20 — Hacac + acacVOOH Eq. 4

HacacVOOH + H20 — VO(OH). Eq.5 [115]

The synthesis and heat treatment must be performed in a N2 atmosphere to produce VO film.
The precursor films can turn into crystalline VO2 by heat treatment. The final heat treatment
needs 500-600 °C for efficient (monoclinic or orthorhombic) crystallization of VO2. The layer
dipped from the viscous solution of VO (acac). and dried in the air is not homogeneous, 1-2 um
NaCl phase separation can be observed by SEM and EDX techniques (Fig. 29).
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Figure 29. SEM images of samples prepared from VO (acac). and heated in air and N>

atmosphere.
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The diagram in (Fig. 30) shows the different crystalline structures of the layers created using
VO (acac)., which were subjected to heating either in a nitrogen atmosphere or in the air at a
temperature of 500 °C.
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Figure 30. XRD patterns of vanadium oxide thin films prepared from VO (acac). and heated

in air and N2 atmosphere.

The XRD analysis confirms that the vanadate sample, which was heated at 500 °C in the air,
consists solely of the V205 crystalline phase with specific characteristics such as a peak at 26°
and 110 planes. This identification was made using card #98-002-2114. On the other hand, the
sample heated at 500 °C in a nitrogen atmosphere exhibits multiple crystalline structures, as
depicted in (Fig. 30).

The main crystalline phase is VO., with characteristic peaks at 28° and 13.3°, as identified by
JCPDS card #65-7960. This dominance of VO; is attributed to the use of an N2 atmosphere
during the heating process. VO coexists with the VsO13 monoclinic crystalline phase, which
appears at 13.97°, 26°, 26.5°, 34°, and 48.7°, as identified by JCPDS card #71-2235. V¢O13
consists of a combination of V4" and V°* vanadium states. The tunnel-like VsO13 comprises

alternative single and double vanadium oxide layers with shared corners.
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It is possible that a small amount of a single V20s phase (peaks at 26° and 31.4°) is also present,
although its presence cannot be definitively confirmed. Both VO and V¢O13 can be effectively

utilized as cathode materials.

The >V NMR measurements were not feasible for the systems synthesized from VO(acac), due
to significant challenges arising from chemical shift anisotropy, paramagnetic electrons of V'V,
and quadrupole interaction with asymmetric electron environments. The presence of
paramagnetic electrons leads to the wide overlapping of rotation sidebands, making it
impossible to accurately evaluate the NMR spectra. The spectra do not confirm any presence

of VY neither in precursor materials nor in the final layer materials heated in N2.

IV.3.1.2. Vanadium dioxide (VO2) precursor

The objective of the experiments with VO dispersed in ethanol and oxalic acid was to examine
the chemical and structural modifications of VO based on varying heating temperatures. Even
in an air environment, oxalic acid potentially exhibits a reducing effect [116]. The changes in
the chemical structure were examined using *!V NMR. Determining the oxidation state of

vanadium in solid materials is a complex task, even with the use of NMR spectroscopy.

The NMR signals corresponding to vanadium ions with different oxidation states can appear
widely separated from each other in the spectrum. In solutions, it is possible to effectively detect
the vanadium ion with a nuclear spin of 7/2, a natural abundance of 99.75%, and an oxidation
state of +5 using NMR techniques. However, in solid phases, identifying the vanadium species
becomes more difficult. The spectrum exhibits a broad range of approximately 4000 ppm, a
quadrupole coupling of a few MHz, an anisotropic shading of 1000 ppm, a line broadening of
5000 Hz due to the quadrupole relaxation, strong baseline deformation, and many spinning

sidebands make the evaluation of spectra more complicated.

At room temperature, the stable monoclinic f-VO2 transforms into rutile a-VO; at 68 °C, which
reverts to B-VO2 when returning to room temperature. As a result, this phase transition cannot
be detected by NMR at room temperature. The oxidation of VO2 begins in the air even at 200
°C, as shown in (Fig. 31). The presence of the V205 phase can be unambiguously observed in
the sample treated at 200 °C. The oxidation becomes more significant at 350 °C and is
completed by 500 °C, at which point the VO phase disappears (Fig. 31). Based on these NMR
findings, it is evident that a mixed oxidation state involving V'Y and Vv can only be achieved

in the air between 100 and 200 °C. The electrical properties of vanadate systems can be
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effectively regulated by the vanadium's charge in the structural units, and the ratio of V'V and

VV plays a crucial role in determining their electric properties [113].
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Figure 31. >V NMR spectra of VO; in the function of temperature.

The layer surface obtained from the VO- sol solution, as depicted in (Fig. 32), displays a non-
uniform texture, and lacks a smooth surface. It contains a mixture of small and larger particles,
attributed to the characteristics of the sol system. Analysis using energy-dispersive X-ray

spectroscopy (EDX) confirms that each particle is composed of vanadium and oxygen elements.



Figure 32. SEM images of vanadate layers prepared from VO sol solution.

IV.3.1.3. Ammonium decavanadate (NH4)s[V10028] precursor

The orange colour ammonium decavanadate (NHa4)e[V1002g] that contains 10 vanadium atoms
is a stable species for several days at neutral pH, but at higher pH immediately converts to the
structurally and functionally distinct lower oxo-vanadate such as the monomer, dimer, or
tetramer. The most stable form of Vo is in the acidic pH range (pH 3 to 6). Decavanadate anions
consist of three chemically different vanadium sites; the metal sites at the central junction
correspond to two central VOs octahedra containing only bridging oxygen atoms, and two types
of peripheral vanadium units including a V=0 bond are assembled around the central units
[117].

Although the precursor solution of ammonium decavanadate covers excellently the surface of
the glass substrate, the layer will be fragmented after a drying process. Various rates,
temperatures, and atmospheres of drying were checked out but without success. The material
of the substrate was changed from glass to carbon, which results in layers with low quality

already in the wet state.
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Figure 33. >V NMR spectra of (NH4)6[V1002s].

The >V NMR spectrum demonstrates dozens of sidebands in the wide frequency range of 1800
ppm to -2800 ppm (Fig. 33). The strong chemical shift anisotropy (CSA) and quadrupole
couplings were determined for these sites by computer simulation. Three kind of decavanadate
sites were identified at -418 ppm (JCSA=-1192 ppm, nCSA=0.92, Co=-2.06 MHz, 70=0.99),
-504 ppm (JCSA=-2151 ppm, nCSA=0.94, Co=-3.99 MHz, 19=0.6) and -514 ppm (SCSA=-
373 ppm, nCSA=0.44, Co=-0.01 MHz, 170=0.19) according to the cluster structure of the anion
[118].
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IVV.3.2. Effect of acidic catalysts and chemical additives

Starting from NH4VOs3, the compulsory step of synthesis is to create pH = 2 in the initial

solution. The pH value can be regulated by acids or cation exchanged.

From the various acids used for setting pH = 2, the application of nitric acid (HNO3) results in
complete and transparent layers (Fig. 34). A 3D colloid network is formed by employing nitric
acid catalyst, consisting of compact particles sized between 0.6-0.8 um that are connected in a
random manner. This network forms a continuous, porous, and see-through coating as depicted
in (Fig. 34).

HCI and citric acid do not produce uniform layers (as shown in Fig. 34). The layer created with
citric acid is incomplete and consists of fibers and filaments. In addition to the filaments, there
are also some tiny fragments at the nanoscale. The fibers typically have a length of 4-5 um (as
seen in Fig. 34).

Ascorbic acid also fails to produce continuous and homogeneous layers or reduce VY units.
EDAX measurements indicate that both types of particles have a significant amount of
vanadium (V) content without any carbon content. Therefore, it is possible that the larger
spherical particles (5 um) are amorphous, while the smaller units (1-10 nm) are crystalline in

nature (refer to Fig. 34).

Oxalic and ascorbic acids are not strong enough to achieve a pH of 2, but they may still have
a mild reducing effect [110-112]. This reduction process could potentially result in the
formation of V'V ions. However, in this study, no measurable reduction was observed using
NMR; only VV ions were detectable. Acidification through proton exchange increases the
coordination of VV from 5 to 6, as exemplified by the hexacoordinated species
[VO(OH)3(OH2)2]. When oxalic acid is used, it does not produce a uniform coating. The
particles, sized between 2-3 pum, form a dense layer on a limited surface area. The remaining
part of the substrate surface is covered by individual particles measuring 100-200 nm in size
(refer to Fig. 34).
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Figure 34. SEM images of vanadate layers prepared from NH4V O3 with various additives:

nitric acid, citric acid, oxalic acid, ascorbic acid, ethyl acetate, and after ion exchange.
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The use of ethyl acetate also aids in the creation of a solid, unbroken coating. Most of the
particles possess cylindrical shape with a diameter of approximately 500 nm and a length of
around 3 um. Additionally, there are some plate-like particles with a diameter of 2-3 um that
can be observed. These particles exhibit a narrow size distribution, as shown in (Fig. 34).

The coating obtained from an ion-exchanged solution is not seamless. It consists of individual
units measuring 100-300 nm in size, as well as aggregates of these units’ forming structures of

4-6 um. This layer arrangement is illustrated in (Fig. 34).
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IV.3.2.1. FTIR spectroscopy

FTIR spectroscopy helps to analyse the phase composition of thin films of vanadium oxide (as
shown in Fig. 35). The oxides exhibit distinctive characteristics at frequencies below 1200 cm-
! specifically around 1008, 806, and 595 cm™. These frequencies correspond to three main
vibration modes of vanadium oxide, namely the symmetric stretching vibration of V=0, the
asymmetric stretch of V-O-V, and the symmetric stretch of V-O-V, respectively. The intensity
and frequency of the VV-O vibrational bands show slight variations within the range of 400-1012

cm™® due to the influence of different additives.
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Figure 35. FTIR spectra of vanadium pentoxide thin films on glass substrates prepared with

different chemical additives: (a) ethyl acetate; (b) nitric acid; (c) oxalic acid

IV.3.2.2. X-ray powder diffraction (XRD)

The XRD measurements were used to assess the level of crystallinity in the deposited vanadium
pentoxide, which was prepared using three highly promising chemical additives (Fig. 36).
Crystallization of the films occurred after subjecting them to annealing at 400 °C for 30 minutes
in a muffle furnace. Despite using different chemical additives (nitric acid, ethyl acetate, oxalic

acid), no noticeable changes in crystallinity were observed. The intensity of the (101) peak

60



decreased when the preparation involved (a) nitric acid, (b) ethyl acetate, or (c) oxalic acid,
indicating an enhancement in film crystallinity. The entire thin films exhibited peaks at 20.30°
and 41.24° (20) corresponding to the (001) and (002) orientations, respectively, confirming the
presence of the V205 phase in the orthorhombic system as identified in the JCPDS file (JCPDS
card #41-1426). The XRD measurements did not detect any V'V content in the sample

synthesized with oxalic acid.
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Figure 36. XRD patterns of vanadium oxide thin films on glass substrates prepared with three

types of most promising chemical additives: (a) nitric acid; (b) ethyl acetate; (c) oxalic acid.

1V.3.2.3. Energy Dispersive X-ray Analysis (EDX)

EDX technique provides information about the chemical composition of the thin layers (Fig.
37). The EDX spectra reveal the presence of vanadium (V) and oxygen (O) on the thin films.
However, the presence of substrate peak is also prominent as the thickness of the film is so thin
[122]. EDX analysis also verified that the film prepared with nitric acid (Fig. 37/a) exhibited
complete coverage. This layer had the highest concentration of vanadium. If the primary reason

for this was the greater thickness of the layer, then the oxygen content should also be higher.
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Figure 37. Energy Dispersive X-ray Analysis (EDX) of vanadium pentoxide thin films on
glass substrates prepared with different solvents at 400 °C: (a) nitric acid; (b) ethyl acetate; (c)

oxalic acid.
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1V.3.2.4. Optical behaviours

(Fig. 38) illustrates the transmittance spectrum of vanadium pentoxide thin films prepared using
different additives within the wavelength range of 250 to 1000 nm. In the range of 550 to 1000
nm, the transmittance of the films exceeded 70%, indicating their good uniformity. However,
the transmittance decreased with the use of nitric acid (a), ethyl acetate (b), and oxalic acid (c).
The maximum transmittance values for the films were as follows: nitric acid, 81.2%; ethyl
acetate, 78.9%; and oxalic acid, 74.4%.
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Figure 38. Transmittance spectra of vanadium pentoxide thin films on glass substrates

prepared with different additives: (a) nitric acid; (b) ethyl acetate; (c) oxalic acid.

The Tauc plot was utilized to calculate the optical band gap (Eg) of vanadium oxide thin films

that were prepared using various additives:

(ehv)>=A (hv—Eg) Eq. 6

In the equation, where a represents the absorption coefficient, A is a constant, h is the Planck
constant, and Eg stands for the optical band gap (Fig. 39), the band gap (Eg) can be estimated
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by extrapolating the linear portion of the curves until they intersect the photon energy axis. The
calculated band gap values for the thin films prepared with oxalic acid, nitric acid, and ethyl
acetate are 1.98 eV, 2.11 eV, and 2.17 eV, respectively. It is worth noting that the variation in
band gap energy is attributed to the non-stoichiometry level and the thickness of the thin films

[91], [122]-[124].

(ahv)2 (a.u)

Energy (ev)

Figure 39. The optical band gap (Eg) of vanadium oxide thin films: (a) ethyl acetate; (b)
nitric acid; (c) oxalic acid
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1\V.3.3. Effect of tenside

The presence of surfactants enhances the effectiveness of dip-coating, leading to higher-quality
layers (Fig. 40). Among the different surfactants tested (Pluronic L61, non-ionic Triton X-100,
cationic CTAB), Triton X-100 demonstrated the highest level of effectiveness.

Figure 40. Reflection optical microscopy images of vanadate layers prepared from NH4VOs3

and nitric acid, a without, b with surfactant (Triton X 100)

IV.3.4. Characterisation of vanadium oxide layers

Based on previous experiments, the most promising synthesis for the V20Os layer started from
Ammonium metavanadate (NH4VOz3) precursor with nitric acid as a catalyst and Triton X 100
as a surfactant. Additionally, the application of ethyl acetate contributes to the successful
production of high-quality layers. The synthesis process should be conducted at a temperature
of 70 °C for a duration of 5 hours. By single dipping in the aqueous viscous solution, a uniform

thin layer with a thickness ranging from 26 to 32 nm can be obtained (Fig. 41).
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Figure 41. SEM images of vanadium pentoxide thin films on glass substrates prepared with

nitric acid.

Based on thermal analysis (TG), the mass of the layer changes strongly above 360 °C (Fig. 42).
Therefore, the formation of V205 necessitates a temperature range of 360-400 °C in this process.
The differential thermal analysis (DTA) reveals the release of ammonia at 200 °C.
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Figure 42. TG curve of dried V-containing layer

1IV.3.4.1. >V MAS NMR measurements

The 'V NMR spectroscopy confirms that the vanadate ions undergo a transformation into first
VO?* and V3010°* at 100 °C, followed by the formation of V20s (a-V20s) at 300 °C (Fig. 43,
Table 3). The V205 samples demonstrate thermal stability up to the measured temperature of
600 °C, encompassing both a-V20s and B-V2Os phases (Fig. 43, Table 3).
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Figure 43. 'V NMR spectra of layer synthesized from NHsV O3 and catalyzed with HNO3 vs

temperature.

Table 3. 57V NMR results

Sample -508 —-509 | -545 - -546 -610
ppm ppm ppm
NH,VO;, HNO;, 100°C | V30505 (+5) | VO,* (+5)
NH,VO;, HNO;, 200 °C | V30505 (+5) | VO,* (+5)

NH4VO;, HNOs, 300 °C V505
NH,VO;, HNOs, 400 °C V,05
NH4VO;, HNOs, 500 °C V505
NH4VO;, HNOs, 600 °C V105
V205 (RT) V>0s

V,0s heated at 500 °C V,0;
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V. Conclusion

In my Ph.D. research, the primary objective was to synthesize and characterize transparent
gamma -aluminum oxide (y-Al203) and vanadium oxide (V20s) thin films, as well as optimize
the synthesis parameters. The investigation encompassed various synthesis routes, surface
morphology analysis, thin film thickness determination, phase purity assessment, element
distribution examination, and estimation of bandgap energy. Through a combination of
experimental techniques including scanning electron microscopy (SEM), energy-dispersive X-
ray spectroscopy (EDXS), infrared spectroscopy, X-ray diffraction (XRD), and UV-Visible
absorption spectroscopy, valuable information could be gained about the properties of the thin

films.

In the first part of the thesis, the focus was on the synthesis and characterization of aluminum
oxide thin films. Several solution-based techniques were employed, including colloidal
methods and sol-gel chemistry, using different starting materials such as Al acetate, nitrate
isopropoxide, boehmite, and Al.O3 powders, along with various additives including acetic acid,
HCI, HNOg, and citric acid. The films were deposited via a dip-coating process and subjected
to heat treatment at 600 °C.

Among the synthesis routes, the sol-gel technique demonstrated remarkable results in terms of
achieving high-quality transparent gamma-aluminum oxide thin films. Starting from Al nitrate
or a mixture of Al acetate and boehmite powders in the presence of acetic acid, nanolayers with
excellent characteristics were obtained. These layers exhibited exceptional transparency with
approximately 90% transmittance, a thickness ranging from 50 to 60 nm, and perfect covering.
Furthermore, the use of Al nitrate as a precursor resulted in nanolayers with an extremely
smooth surface. The sol-gel technique offered precise control over the film's thickness, ensuring

a continuous and homogeneous coating.

The developed y-aluminum oxide thin films hold significant potential for environmental
protection applications. The y-Al203 thin layer acts as a protective or absorbent layer,
contributing to the preservation of the environment. The remarkable transmittance properties
of the films, even in the ultraviolet range, make them suitable for various industrial utilizations.
LightTech company, for instance, has already adopted this newly developed technique.
LightTech company applies the y-Al.Oz layer as a protective layer in spot amalgam lamps on

quartz bulbs.
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In the second part of the PhD study, the research concentrated on vanadium oxide thin films.
The effect of chemical substances was studied on the structure, surface morphology, and
material properties of vanadium oxide thin films. The investigation of the chemical substances
covers the examination of initial materials (e.g., NHsVOs3;, NaVOs, VO, vanadyl
acetylacetonate, ammonium decavanadate, (NH4)s[V1002¢]) and various additives (e.g., acids,
chelate ligand, reduction reagent, and tensides). The syntheses are based on sol-gel chemistry.
The main task of the sol-gel experiments was to optimize the chemical conditions such as
catalyst and solvent for the preparation of perfect VV°>*-containing layers. The other aim of study
on vanadium-containing systems was to check the controllability of the V4*/V®* ratios. The

control was carried out in the air in the presence of reducing agents or in a nitrogen atmosphere.

The application of NH4sVVO3 and HNO3 catalyst results in the best, complete and transparent
V>0s layers. GI XRD data confirmed the orthorhombic structure of the thin films, exhibiting a
preferred orientation along the (101) direction. The different chemical substances and the
quality of solvent had a notable impact on the surface morphology of the films. UV-Visible
spectroscopy analysis revealed that the average visible transmittance was influenced by the
variation of chemical conditions due to the modification of the morphology of the films. The
bandgap values measured for the thin films produced from different solvents were 1.98 eV by
oxalic acid, 2.11 eV by nitric acid, and 2.17 eV by ethyl acetate.

The other aim was to adjust the V'V/VVV ratios. The ratio of V!V and VVV possesses an important
role in the electric properties. The complete and homogeneous layers can be prepared from VO2
and vanadyl (IV) acetylacetonate in the presence or absence of reducing agents. Mixed
oxidation states (V'Y and VV) can be achieved in the air only between 100 and 200 °C without
or with mild reducing agent. The state of V'V can be held only in nitrogen atmosphere above
200 °C or with strong reducing agent. The oxalic and ascorbic acids as reducing agents cannot
prevent the oxidation of V'V. The control of oxidation state was verified by >V NMR. The
ability to control the V'V/VV ratio, as well as the choice of solvents, provides a means to

modulate the electrical properties of the thin films.
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Appendix

e Kinetic approach

There are several approaches for estimating kinetic parameters from thermogravimetric data. It
is therefore essential to specify the approach adopted in any kinetic exploitation of the
experimental mass loss data. The kinetic parameters are determined by the Coats Redfern
method. The expression to achieve these parameters is obtained from the reaction rate. Thus, in
the kinetic analysis of thermal decomposition reactions, reaction rate is written according to the

following form:

da
— =kf Eqg. 7
ot (a) q

Where o is a characteristic variable of reaction progress, related to the mass of the sample m by

the formula:

m,—m
a=——" Eg. 8
My — My

Where, M, is the initial weight of the sample, M, is the weight of the sample at the particular
temperature T, and M_ is the weight at the end of degradation step, f (&) represents the mode

of degradation of the substance. The function f (&) does not depend on the temperature but
rather on degradation mode of the subjected matter.

The different modes proposed in the literature[125]-[127] are grouped in (Table 4). In this

. ¢ da . .
same table, the function g(«) =j— represents the integral form of the function f ()

» f(@)
[128].
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k is the reaction rate constant. It is accepted that k following the Arrhenius law:
—-E
k =Aexp| — Eqg. 9
p( RT ) a

Where E is the apparent activation energy in kJ/mol, R is the perfect gases constant in Joules.

K. mol?, A is the pre-exponential factor or frequency factor in min, T is the absolute
temperature in °K,

A Eand f()are called the kinetic triplets of a reaction.
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Figure 44. Schematically graph of heat treatment of gamma aluminum oxide thin films.
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Table 4. Thermal degradation modes proposed for gas-solid reactions [125]-[127]

Degradation mode Code \ Differential form : f(a) Integral form : g(@)
Diffusion
One-way transport D1 1/(2a) o?
two-way traBn:regrrt , Valensi- D2 1/ Ln(1-a) o + (1-o)Ln(1-a)
three-way transport, Jander D3 1,5(1-0)? / [1-(1-0) Y] [1-(1-0)) ]2
Ginstling-Brounshtein D4 1,5/[(1-0)*3-1] 1-2a/3-(1-0)??
Zhuravlev D5 15(1-)*2 /1] (1-a)*3-1] [1/(1-a)*-1]2
Anti-Jander D6 1,5(1+a)®3 / [(1+a)*3-1] [(1+a)'3-1]?
Kroger-Ziegler D7 [1,5(1-0)? / [1-(1-a)*?]] / t [1-(1-0)¥®)]? - log(t)
Two dimensions, Jander D8 (1-0)¥2 / [1-(1-0)*?] [1-(1-0)¥?)]?
Two dimensions, Anti-Jander D9 (1+a)¥2 [ [(1+a)*2-1] [(1+a)Y? - 17?
Interfacial transfer D10 3(1-0)*? [/ (1-0)'3- 1]
Transfer and diffusion D11 3/ [(1-0)*3 - (1-0) Y] 1/(1-a)*® -1+1/3Ln(1-a1)
Diffusion with two directions D12 3/[(1-a)®® - (1-a) ] 1/5(1-0) " — Ya(1-a) ¥ +1/20
Random nucleation and nuclei
growth
Avrami-Erofeev [129] An x);(zll_g ) g '2?3(;(5)52 [-Ln(1-a)]?
n=1,234et5 y=3/4, 1/2, 2/3. 1/4 and 1/3 z=1/4, 1/2, 1/3, 3/4 and 2/3
Chemical reactions
Zero order FO Constant o
First order F1 1-a -Ln(1-0)
Second order F2 (1-a)? (1-a)*1
Contraction (surface, volume X(1-0)Y 1-(1-a)?
and interface respectively for n Rn x=2, 3 et 3/2. y=1/2, 2/3 and _
=2 3and 4) 173 z=1/2, 1/3and 2/3
Power / Exponential
Low power (half, third and o o
quarter respe;:r'zl(;/il)y forn=2,3 Pn X = 1/2, 2/3 and % y=1/2, 1/3 et %
Exponential El o Ln(a)

D1, Dy,..are symbols given to models
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e Procedure for kinetic parameters determination

In order to determine the kinetic parameters of our samples, the Coats—Redfern method [130],

which is given Eq.10, is expressed as follows:

Ln [g((?)j:Ln AR _E, Eqg. 10
T BE, RT

Where a is a characteristic variable of reaction progress of the sample and T is the absolute
temperature, g(a) represents functions commonly used for description of thermal
decomposition (Table 4). A is the frequency factor, Ea is the activation energy, R is the gas

constant, and f is the heating rate.

A plot of Ln (g(a)/T?) against 1/T will give a straight line of slope —E/R and an intercept of In
(AR/ BE) for an appropriate form of g(a). Thus, based on the correct form of g(a), the activation
energy and the pre-exponential factor could be respectively determined from the slope and

intercept terms of the regression line.

(Table 4) lists the most common kinetic g(a)) functions, which were used in this study for the
estimation of reaction mechanisms from dynamic TG curves by using the Coats—Redfern

method.

e Thermal analyzes / Thermal profile under inert atmosphere.

» Kinetic parameters estimation

In order to calculate and understand the nature of the decomposition, kinetic exploitation is
made on dynamic chemical regime assuming that the decomposition is a global reaction where
physical limitation is neglected. The complete thermogram was divided into distinct sections
according to their degradation steps. Curves indicating the solid-state mechanisms of alumina
degradation under inert atmosphere are shown in (Fig. 45). Corresponding detailed curves for
each degradation mode are given in appendix A.1.The values of activation energy Ea, pre-
exponential factor A and correlation factors R? for the first and second degradation step are
listed in (Table 5). Moreover, the parameters A and E are moving in the same direction and
their values depend on the mode of degradation. The relationship between A and Ea, called
“apparent compensation effect” is often mentioned in literature. (Fig. 45) shows traces of the
values of LnA as a function of Ea The effect of compensation is another way to further

discrimination between degradation modes. Thus, for the first region (second weight loss step
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in TGA thermogram), it was observed from (Table 5) that the best correlation coefficients were
obtained for FO, F1, F2, F3, R2, R3, P2, P3, D3, A2 and A3, with energy values running from
35.1 to 135.8 kJ/mol. Regarding, second degradation step (third weight loss step), degradation
mechanisms that gives the best mathematical fit for both samples were F1, F2, F3, R2, R3, D3
and A2, with values of activation energy from 7.154 to 121,25 kJ/mol. Likewise, results of the
two regions show that the highest activation energies were found in the first thermal degradation
regions where the main pyrolysis reaction took place and the largest weight loss occurred. The

values of pre-exponential factor (Table 5) indicate that it depends on the degradation mode.
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Figure 45. Curves indicate the solid-state mechanisms of bulk aluminum oxide degradation

under inert atmosphere.
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Table 5. Thermal kinetic results for bulk aluminum oxide pyrolysis

1% region 2" region
MD Ea Ln A
1 2 in-1 2
Ea (kJ.mol™*) R Ln A (min™) (ki.mol) R (min)
F1 122.537 0.95148 -8.323 9.262 0.84556 12.832
FO 116.238 0.94047 -6.845 0.259 0.00617 11.554
F2 126.387 0.97401 -9.275 71.801 0.88681 1.649
F3 135.861 0.9674 -12.151 121.250 0.89997 -9.252
R2 118.969 0.94747 -6.793 9.561 0.96141 13.728
R3 120.262 0.94866 -6.691 14.454 0.94953 13.479
P3 33.097 0.91717 9.164 -6.984 0.97796 -
D3 78.465 0.9505 0.470 12.347 0.9151 12.515
P2 53.789 0.93044 5.355 -5.219 0.94073 -
A2 56.764 0.94564 4.686 7.154 0.837 13.051
A3 35.1 0.93365 8.740 1.373 0.29837 12.596
Equation y=a+b%
Weight Nao Weighting
15 - gsjgdrgil Sum of 3.62872 2.98222
Pearson's r -0.99702 -0.99682
Ad). R-Square 0.99338 0.99238
10 4 Value Standard Error
Intercept 156.82646 0.49748
B Slope -0.19625 0.00506
Intercept 15.26454 0.38402
o~ 54 D Slope -0.19871 0.00711
g
g
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Figure 46. Compensation effect Ln A=f (Ea) for first and second regions of thermal

degradation
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