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ABSTRACT 

Aerogels are a unique class of materials, with mesoporous architectures that are 

composed of interconnected nanoparticles to form highly porous, high surface area, and 

low density structures. While there are various sol-gel methods that can be used to 

synthesize aerogels, here we utilized epoxide-addition technique to fabricate sol-gel 

metal oxide nanomaterials. This approach is an alternative for the well-established 

alkoxide method and eliminates the necessity to use costly sensitive metal alkoxide 

precursors.  

This technique provides a synthetic toolbox for materials scientists to synthesize porous 

nanomaterials with tailored unique properties that are simply controlled by modifying 

synthetic parameters. 

Herein, we utilized epoxide-addition approach to synthesize and tune the physical and 

chemical properties of porous copper oxide aerogels, a series of first transition metal 

ferrite aerogels (including cobalt ferrite, nickel ferrite, copper ferrite and zinc ferrite), and 

indium-tin oxide (ITO) aerogels. 

Copper in variable oxidation states and ferrite materials have been well known for their 

application in heterogenous catalytic reactions, such as Fischer-Tropsch, CO2 

hydrogenation, and water-gas shift reaction. The synthesized porous materials discussed 

herein all showed high surface area, significant porosity, and high reducibility which are 

the three most important factors for each catalyst.   

ITO is the most widely used transparent semiconductor in industry. Although there have 

been reports on preparing mesoporous ITO nanomaterials using sol-gel methods, all of 

them exhibit poor electrical conductivity which is considerably lower than the single 
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crystal ITO material. We were able to improve the conductivity of the synthesized 

mesoporous ITO nanomaterials by several orders of magnitude by altering the tin content 

in the materials. The morphology and the particle size of the synthesized ITO materials 

were modified by subtle changes in the tin concentration.  

Altogether, this work shows the capability of epoxide-addition approach in synthesizing 

and modifying the properties of sol-gel metal oxides for different industrial applications. 
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CHAPTER 1.   

Introduction 

 Nanoporous Materials and Their Applications 

There is a unique definition for nanomaterials which makes them different from their 

macroscopic counterparts: at least one dimension should be in nano range (1-100 nm).1 

Recently, nanomaterials have attracted much attention in science and technology fields,2-

11 Often exhibiting interesting optical, magnetic, chemical, and/or electrical properties 

due to their confined size. The fascinating physical and chemical properties of 

nanomaterials, when compared to the macroscopic (bulk) materials with the same 

constituents, make them useful for a variety of applications. 

An interesting feature of the nano-sized materials is that by controlling the size of the 

particles in the range of 1-100 nm, one can fine tune and tailor the properties of the 

materials.1, 12-14 Additionally, nanoscale materials have high proportion of their atoms on 

their surfaces which often exhibit different behavior from the surface atoms of the bulk 

materials. For instance, crystals in nanometer scale can have a low melting point because 

the number of surface atoms becomes a significant fraction of the total number of atoms 

and surface energy (which is high in nanomaterials compared to their bulk analogues) has 

an important role in thermal stability of the materials. 

Nanomaterials can be classified according to their number of dimensions on which they 

are confined: they can be zero dimensional (0D) such as nanoparticles, one dimensional 

(1D) such as nano-rods and two dimensional (2D) such as nano-plates. They also can be a 

combination of above-mentioned nanomaterials. This combination can form a 

complicated 3D assembly.    
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Nanoporous materials are a subset of 3D nanostructured materials with high surface area 

(surface to volume ratio), high porosity, and unique surface properties.15 Porosity is a 

factor that has a great impact in the physical interaction of the materials with both gas and 

liquid adsorbates. It can also effect the chemical reactivity of these 3-dimensional solids. 

Porous materials have found wide application in various fields such as sensors, catalysis 

and photocatalysis, biological applications, and clean energy production and storage.16-17 

Some of these applications will now be discussed briefly below: 

Sensors:  

Air pollution is one of the crucial factors which has shown a significant impact in global 

warming. Air pollution is caused by toxic and harmful gases such as NOx, SOx, COx, NH3 

and H2S. For the environmental and human health purposes, development of sensor 

devices for gas detection and monitoring the gas concentration is necessary. It’s been 

demonstrated that decreasing particle size improves the sensitivity of the sensor devices. 

This indicates the importance of utilizing nanomaterials with controlled size as the gas 

sensors. The large specific surface area of nanomaterials makes them ideal candidates for 

the gas sensors. Typically, the gas sensors have porous microstructures to increase the 

contact of the gas molecules and a better diffusion of the gas in the materials.18 The most 

common gas sensors are resistive sensors.19-21 The electric resistivity of these gas sensors 

alters upon a change in gas concentration. This change in the electronic resistance can 

serve to measure the presence of the gas molecules. Nanoporous metal oxide 

semiconductors such as ZnO, ZrO2, TiO2 and SnO2 are applied to detect humidity, 

oxygen, hydrocarbons and combustible gases. 
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Catalysis and photocatalysis: 

Nanomaterials materials have been widely used in heterogeneous catalysis and 

photocatalysis.22-26 Activity and selectivity of a catalyst plays a crucial role in the 

efficiency of a catalytic process. For nano-catalysts, this is achievable by controlling the 

microstructure, particle size, active site dispersion, and surface area.17, 24, 27-29 Typically, 

the nanoparticles are incorporated in a template to improve the dispersion and surface 

area of the catalyst.30-32 High surface areas allows the reactants to have better contact on 

the surface of the catalyst. Porous nanomaterials possess high specific surface area which 

makes them excellent candidates for catalytic applications.  

Among all of the metal oxide nanomaterials which are studied for photocatalysis, TiO2 is 

one the most widely used in the near UV region.33-35 Nanoporous anatase, TiO2, forms an 

oxidizing surface as a result of interaction with UV light34 which allows it to effectively 

control the decomposition of organic molecules. There are many other transition metal 

oxides which have attracted attention as photocatalysts in recent years.36-39 Nano-

synthesis of these transition metal oxides can often lead to enhancement of their active 

surface area which leads to higher photocatalytic activity of the final materials.    

Biological applications: 

Nanoscale structures have also attracted considerable attention from the biotechnology 

community due to their unique ability to be tailored to specific applications.40-42 

Nanomaterials have been developed that are capable of discriminating molecules based 

on shape, size, and interaction. Therefore, they have been studied for their applications in 

biomedical devices and biomolecular analysis.42 This class of materials has been utilized 
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as biosensors, where they have been shown to exhibit high detection sensitivities which 

are enhanced due to the materials intrinsic high surface area.43-45  

One of the most useful applications of this class of nanomaterials is conjugating 

nanocrystals with biomolecules which allows them to function as fluorescence labels for 

biological cells.46 Fluorescence labeling is a widely used method to visualize the specific 

compartments in cells which cannot be distinguished by recording the native unlabeled 

image. For this purpose, a fluorescent dye (usually an organic dye molecule) is 

chemically linked to the receptor molecule. Recently, in addition to organic fluorophores, 

fluorescent silica nanospheres have been utilized as the functional dye.  

Fluorescent semiconductor nanocrystals are also of interest for chemical labeling of 

biological cells. One of the advantages of using nanomaterial dyes is that by changing the 

size of the nanocrystals, under the same wavelength (usually UV) different colors of 

emission can be generated. Therefore, by linking the biological cells with different sizes 

of nanocrystals, multicolor labeling compartments of cells can be possible. In addition, 

the decay time of the fluorescence is longer compared to the organic dyes which makes 

them interesting for fluorescent applications.     

Clean energy production and storage: 

Hydrogen gas has been widely cited as a source of clean energy due to its ability to burn 

cleanly producing water as the only byproduct. Hydrogen gas is currently produced by 

steam methane reforming followed by water-gas shift reaction.47-50 Developing a good 

catalyst with high activity and selectivity can play a key role in an efficient conversion. In 

industry, the high temperature shift reaction is performed in the presence of iron oxide 

based catalyst and the low temperature shift is carried out with copper-zinc oxide based 
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catalysts. Extensive research has been done to modify the catalysts and the chemical 

promoters for this reaction.27 Nanomaterials in general and nanoporous structures in 

particular have shown promising results in water-gas shift reactions.32, 51-53 

Another aspect of improve the utilization of hydrogen as a clean energy source involves 

developing improved methods for hydrogen storage. Currently, there are four main 

techniques utilized for hydrogen storage which include: liquification, compressed gas, 

chemisorption of hydrogen, and hydrogen physisorption. The first two methods are not 

suitable for commercial applications due to the problems associated with long term 

storage and transportation. Chemisorption proceeds by dissociation of hydrogen 

molecules to the atoms and chemical bond formations with solid materials. There are 

some problems associated with this method such as difficulties in reversibility and bond 

dissociation and require high temperatures for desorption. The last method is 

physisorption which has gained considerable interest due to reversibility and high storage 

capacity compared to the other techniques. In physisorption, hydrogen remains molecular 

and binds weakly on the surface of the solid. Several studies on hydrogen physisorption 

on different solid materials have been undertaken. Among them, nanoporous materials 

have attracted more attention due to high surface area and large pore volume. One of the 

well-studied nanomaterials for hydrogen storage is 3D ordered mesoporous carbon 

nanostructures which have shown promise as the hydrogen adsorbents.54-57 

 Classification of Porous Materials 

Porous materials are classified by different criteria such as production method, pore 

shape, and pore size. The latter is a common classification of porous materials. According 

to the International Union of Pure and Applied Chemistry (IUPAC):58  
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a. Pores with openings larger than 500 Ǻ in diameter are classified as 

“macropores”. 

b. Pores with openings smaller than 20 Ǻ in diameter are classified as “micropores”.  

c. Pores of between 20-500 Ǻ are classified as “mesopores”. 

The properties and applications for which they are suited are often dependent on the pore 

geometry and pore sizes exhibited by the materials. For example, for catalysis and gas 

separation purposes, pores of atomic scale are required whereas for particle removal from 

water the required pore size is in micron scale due to the size of the particles.58 

As noted earlier, pores may be classified according to their shape as cylindrical, ink-

bottle shape, funnel shaped, and slit shaped. 

There are various methods for producing porous materials. Each technique results in 

formation of different pore shape and pore size. Among all of them, the sol-gel approach 

is a very traditional and common method for introducing porosity in materials59-61 which 

will be discussed briefly in the next section.    

 Chemistry of Sol-Gel Materials  

A colloid is a suspension in which the particle sizes are in the range of 1-1000 nm.  At 

these particle sizes gravitational forces are negligible and interactions between particles 

are mainly due to either van der Waals attraction and/or surface charges.15, 62-63 The 

particles exhibit Brownian motion, which is a random walk of particles suspended in a 

fluid. A sol is defined as a colloidal suspension of solid particles in a liquid.63 These 

colloidal particles, given the right conditions, polymerize together by a series of 

hydrolysis and condensation to form a gel. In a gel the particles are connected together to 

form a continuous 3-dimensional porous network, in which the reaction solvent is 
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contained within the pores. If the solvent is removed from the pores, care must be taken 

to ensure that the final dry material exhibits the desirable characteristics such as high 

specific surface area, high porosity, low dielectric constant, and low bulk density.64-67  

Sol-gel materials include a diverse range of materials which can be classified as either 

inorganic, organic, or composites of the two, all of which are prepared by formation of 

colloidal suspensions (sol) that convert to robust gels.68  

Silica based sol-gel materials are by far the most well studied system and their study 

dates back to the historical beginning of sol-gel chemistry.63 The first gel was reported by 

Ebelmen from the reaction of SiCl4 and ethanol to form tetraethoxysilane (TEOS) which 

then was hydrolyzed to yield silicate solutions followed by the gelation process.69 

Sol-gel processing consists of three steps: (1) formation of a stable colloid, (2) gelation, 

(3) drying as shown in Figure 1.1.70 Each step will be discussed in the following sections.  

Metal oxides can be prepared by various sol-gel methods based on the metal precursor 

which is applied to make the gel. Among the different sol-gel techniques, two sol-gel 

methods will be discussed here. The first one involves the use of metal-organic 

compounds (mainly metal alkoxides) as the metal-containing precursor. The second 

method, which is often referred to as the epoxide-addition method, utilizes metal salts 

(mostly metal halides and metal nitrates) as the metal-containing starting material. 
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Figure 1.170 Preparation of a gel using sol-gel chemistry 

1.3.1. Alkoxide method: 

Metal alkoxides are reactive compounds due to the presence of electronegative alkoxy 

groups which undergo a hydrolysis reaction in the presence of water.71-75 Herein, the 

reactions will be discussed for transitional metal oxide gels since hydrolysis of silicon 

ethoxide (as the first metal alkoxide used in this technique) follows a different pathway. 
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After dissolving the metal precursors in a suitable solvent, the metal-containing species 

will readily react in the presence of water via nucleophilic addition. 

Reaction 1: 

 

As a result of this addition, the partial positive charge on hydrogen increases which 

makes water molecules more acidic. Therefore, the following equilibria can take place in 

the solution which is called hydrolysis (Reaction 2).  

Hydrolysis 

Reaction 2:  

 

According to reaction 2, the hydrolysis reaction can generate three different species in 

media:  

            M-(OH2)                         M-OH                            M=O 

             Aqua                            Hydroxo                          Oxo 

The nature of the metal complex after hydrolysis depends on the charge (z) and the pH of 

the solution. Regardless of pH, low-valent metal ions (z < 4) form aqua, hydroxo or aqua-

hydroxo species whereas the high valent metal cations (z > 5) yield oxo or oxo-hydroxo 

complexes. Tetravalent metal cations are on the borderline and the resulting complexes 

for them depends on the pH of the solution.   
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The second step, which is called condensation reaction, can take place by two possible 

nucleophilic mechanisms (Reactions 3 and 4). 

For coordinately saturated metal ions, condensation proceeds by nucleophilic substitution 

(SN): 

Reaction 3: 

 

If the preferred coordination is not satisfied, condensation proceeds by nucleophilic 

addition (AN): 

Reaction 4: 

 

Oxo ligands are good nucleophiles and poor leaving groups. If at least one of the 

reactants in the solution is coordinatively unsaturated (having oxo ligand in the 

coordination sphere), then the condensation occurs by addition reactions. Aqua ligands in 

the coordination sphere are good leaving groups but poor nucleophiles. Condensation 

does not occur in the media if there are only aqua ligands in the coordination sphere. 

Hydroxo ligands at intermediate pH contain both good nucleophiles and good leaving 

groups. In case that there are Hydroxo ligands in the coordination sphere, the 

condensation can occur easily. Therefore, the pH of the solution should be in the 

Hydroxo range to be able to generate condensed species in the media. The pH can be 

adjusted by adding a base, an acid or reducing agent to oxy ions.      
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The condensation of the hydrated metal ions in which Hydroxo and oxy groups form 

bridges between two metal centers takes place via two different reactions: Olation 

(Reaction 5) and Oxolation (Reaction 6 and 7). 

Olation 

Reaction 5:  

 

In olation reaction the bridges between the metal centers are formed from Hydroxo 

groups whereas the oxy groups serve as the bridges in oxolation process. When the 

coordination sphere is saturated by Hydroxo-aqua ligands, the olation reaction proceeds 

by an SN mechanism in which Hydroxo group act as a nucleophile and the coordinated 

water is the leaving group.  
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Oxolation 

Reaction 6: 

  

Reaction 7: 

 

In the case of oxolation reaction the bridges between the metal centers are formed from   

-O- groups. The process can be nucleophilic addition (AN) for coordinatively unsaturated 

metal ions and for coordinatively saturated metals the reaction occurs via a nucleophilic 

addition reaction (Reaction 6) followed by elimination of a water molecule (Reaction 7). 

Condensation reaction is limited to the formation of dimer or tetramer because as the 

water molecule leaves the metal center the Hydroxo groups become less nucleophilic and 

the reaction doesn’t proceed. 

In oxolation reaction, the first step is catalyzed by a base for Hydroxo deprotonation and 

generating a better nucleophile. The second step is catalyzed by an acid that protonates 

Hydroxo-ligands to form a stronger leaving group. 

    

The alkoxide approach is proven to be successful and efficient for production of SiO2, 

Al2O3 and ZrO2 sol-gel materials.76-78 However, for the majority of elements, the 
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alkoxide compounds are expensive and unstable. They are commercially unavailable and 

difficult to obtain. Many metal oxides are moisture, light, and air sensitive, therefore, a 

long-term storage is always an issue. Furthermore, co-gelation of the organic compounds 

and the inorganic network is difficult via this method. 

Recently a new approach for the synthesis of metal oxide aerogels was introduced by 

Gash et al.76, 79-81 In this method, which is termed epoxide-addition gelation, an organic 

epoxide serves as an initiator for the sol-gel polymerization of simple inorganic metal 

salts in aqueous or alcoholic media. This technique has allowed the synthesis of a large 

number of transition metal-oxide gels not previously obtainable.82-84  

1.3.2. Epoxide-addition method:    

In the first step after dissolving the metal salt in the solvent, a cation M+z becomes 

solvated by water molecules. Hydrated metal cations act as Lewis acids. The charge 

transfer from the water molecule to empty orbitals of the metal ion makes the hydrogen 

of water more acidic.62, 70 In this technique, organic epoxides act as proton scavengers 

(Lewis base) for hydrolysis and condensation process which leads to the formation of the 

three-dimensional network. Acidic hydrated metal ions protonate the epoxide oxygen to 

form a deprotonated hydrated metal species which is known as an aqua-Hydroxo species. 

The metal complex now undergoes condensation and addition reactions (olation, 

oxolation) to produce condensed metal oxide. Protonation of epoxide is reversible. 

However, in solution it undergoes an irreversible ring opening reaction by the metal 

counter ion. 
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As the result, there is a relatively slow and uniform increase in the in pH of the solution 

which allows for controlled olation and oxolation reactions to occur. This leads to 

formation of continuous gel network.   

The wet gel obtained by polycondensation reactions is not the final product. It needs a 

drying step and thermal treatment to generate the materials with the required 

characteristics. Removal of the solvent is done in two ways: ambient drying or 

supercritical drying.  

Ambient drying can cause crack formation and a microstructure collapse in the 

monoliths. This shrinkage is induced by capillary forces which result from the existence 

of a liquid-gas interface inside the pores. Thus, a densely packed “xerogel” is formed.68  

The second drying technique utilizes a super critical fluid to dry the wet gel. Super 

critical fluid (SCF) is a single fluid phase with temperature and pressure above the critical 

point (Tc and Pc). As shown in Figure 1.2,85 the critical point of a liquid is defined as a 

point where the liquid and vapor phase have the same density.85-86 
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Figure 1.285 Super critical region in the phase diagram of a single component 

Super critical drying eliminates the liquid-gas interface (capillary tension) during 

vaporization. Carbon dioxide is commonly used to dry the gels due to its low critical 

temperature and pressure. This drying technique consists of three different steps: 

(1) Pressurization by liquid CO2 in an autoclave. The solvent in the pores (which is 

usually acetone from the washing process) is diffused from the pores in the liquid CO2 

phase (A C or A B C in Figure 1.3).  

(2) Flushing with the fresh liquid CO2 to remove the organic solvent completely 

(3) The temperature and the pressure are increased above the critical point of the CO2 to 

obtain a fluid with zero surface tension. Then the autoclave is depressurized to remove 

the liquid from the pores (CD in Figure 1.3). 
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Figure 1.385 Schematic representation of super critical drying. S-L, L-V, and S-V 

denote solid-liquid, liquid-vapor and solid-vapor equilibrium curves, respectively. 

It should be noted that all three steps should be slow to avoid any cracks in the monolith. 

By using super critical drying technique, the nanoscale architecture remains intact. The 

gels which are dried with this method are called “aerogel”.15, 87-88 Aerogels have low 

density, high surface area, and continuous porosity. Due to the unusual and interesting 

properties of aerogel materials, they have been studied for a wide variety of applications 

such as insulation, energy storage, catalysis, and sensors.89-95     

 Materials Characterization: 

The characterization of nanomaterials can be divided in two different categories: 

structure analysis and chemical and physical property measurements.  
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Structural characterization utilizes a variety of techniques including gas sorption analysis, 

microscopy and X-ray diffraction techniques. Chemical and physical property 

characterizations are diverse and depend on the applications of the nanomaterials. Energy 

dispersive X-ray spectroscopy and optical spectroscopy such as UV-Vis absorption, 

Raman, infrared (FT-IR) and photoluminescence (PL) spectroscopies can be categorized 

in this group. 

Melting point, electrical conductivity and magnetic properties are some of the physical 

properties which are commonly measured for the nanomaterials characterization.  

Over the years, various characterization techniques have been used for the investigation 

of the microstructure and the properties of the sol-gel materials. In the following section, 

some of the characterization techniques such as X-ray scattering, gas sorption analysis, 

thermogravimetric analysis and scanning/transmission electron microscopy with 

elemental dispersion analysis are briefly discussed:   

1.4.1. X-ray Scattering: 

A crystalline solid is defined as a solid material whose the constituents elements (atoms 

or ions) follow organized patterns in all three dimensions.96-97 In an amorphous solid the 

atoms are arranged in a random way. X-ray scattering analysis which is a nondestructive 

qualitative technique, is widely used for phase identification of unknown crystalline 

materials. It can also determine the unit-cell dimensions, defects, stresses and preferred 

orientation of polycrystals. This technique is applied for bulk, powder materials and thin 

films. 
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Powder X-ray diffraction (PXRD) which is a particular form of X-ray scattering is used 

for powders. Powder samples are composed of an infinite number of randomly oriented 

crystallites. 

The principle of this technique is based on scattering of X-ray beam when the atoms in a 

periodic array diffract radiation coherently and generating a diffraction pattern which 

contains information about the atomic arrangement of the crystals. 

X-ray beam are also absorbed, scattered incoherently or transmitted when they interact 

with the materials.  

Bragg’s Law 

Bragg’s law was introduced by W.H. Bragg and his son W.L. Bragg in 1913.98 When X-

ray beams of a fixed wavelength strikes a sample and at certain angles, reflected X-rays 

are generated if the wavelengths of the scattered X-rays interfere constructively. Figure 

1.4 shows a crystal with crystal lattice planar distances d. 
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Figure 1.499 Reflection of X-ray beam by planes of atoms in a crystal 

The incident X-rays do not travel the same distance. The travel path length difference 

between ray paths is equal 2d. sinƟ where Ɵ is the angle of incidence known as Bragg 

angle. For the constructive interference (in phase), the diffracted X-rays are equal to an 

integer number of wavelengths, λ (Equation 1).100 

Equation 1: 

nλ =  2d. sinƟ 

International Center Diffraction Data (ICDD) is an organization that maintains the 

database of inorganic and organic XRD patterns. Collected patterns are compared to 

those in ICDD database to obtain the right crystalline phase.   
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Deviation from perfect crystallinity, such as crystallite size and strain (in the nano-scale) 

leads to broadening of the diffraction lines. Scherrer showed this broadening can be used 

to extract information about the microstructure of a material in accordance with Scherrer 

Equation 2.100 

Equation 2: 

Β(2Ɵ)  =  
Kλ

L CosƟ
 

According to Scherrer equation, peak width (Β) is inversely proportional to crystal size 

(L) and Bragg angle (Ɵ). In this equation, K is a dimensionless shape factor with a value 

close to unity and λ is the beam wavelength. 

This equation determines the mean crystalline size in the nano-regime which is < 0.1 

micron. 

1.4.2. Gas Sorption Analysis: 

Adsorption takes place when a solid is exposed to a liquid or gas.101 The interaction 

between the solid and the fluid molecules gives rise to physical adsorption 

(physisorption) or chemisorption. In physorption the intermolecular forces such as van 

der Waals are the dominant interaction whereas chemisorption interactions are those 

which are responsible for chemical bond formation. The analytical techniques based on 

adsorption are of great importance in academic and industrial laboratories because 

adsorption phenomenon is applied to characterize the surface properties and texture of the 

fine powders such as pigments and fillers. In the academic and industrial laboratories, gas 

sorption analysis is the most commonly used technique for surface area and porosity 

measurements. This technique allows assessment of a wide range of pore sizes including 
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micro-, meso- and macropores. In this technique, sample activation is a key step in gas 

adsorption analysis. Adsorbed gas and vapors should be removed from the surface prior 

to study, to ensure effective removal samples are heated under dynamic vacuum or 

purging with an inert gas to remove volatile compounds from the surface. The activation 

step is crucial since the pore structure and the surface area can be collapsed at this step. 

Therefore, the heating temperature should be chosen wisely to preserve the surface 

properties of the sample. 

After the activation step, the dry sample is evacuated and cooled down to 77K, the 

temperature of liquid N2. Then an adsorbate gas such as nitrogen, argon or krypton will 

adsorb on the surface and in the pores. The adsorbed amount is measured by the 

difference of the total amount of gas in the sample cell with the materials and the amount 

of gas in the free space. The physical adsorption process is a reversible condensation. 

Hence, the adsorbate molecules start leaving the pores and the surface until desorption 

process is complete.  

As the result of the analysis an isotherm is collected as the volume of the gas adsorbed 

(cc/g @ STP) versus relative pressure P/P0 (sample pressure/ saturation vapor pressure). 

A typical adsorption isotherm of mesoporous materials is shown in Figure 1.5.102 
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Figure 1.5102 A general gas adsorption isotherm 

Using the ideal gas law, the number of moles of the gas (number of the gas molecules) is 

calculated from the volume of the gas. Brunauer-Emmett-Teller (BET) method103 then 

measures the surface area based on the number of adsorbate molecules required to cover 

the solid with a single molecular layer. This is restricted to a limited region of the 

adsorption isotherm usually in the P/P0 range of 0.05 to 0.35. The multiple BET method 

requires a minimum of three points in this range. The surface area is calculated based on 

the weight of a monolayer and a knowledge of the molecular cross-sectional area of the 

adsorbate molecule. 

Porosity of the porous materials (pore size distribution and pore volume) can be 

characterized by gas sorption analysis. Nitrogen at 77 K is the most commonly used 

adsorbate for pore volume and pore size distribution determinations. 
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The pore volume is derived from the amount of vapor adsorbed at a relative pressure 

close to unity in which the pores are filled with the liquid adsorbate.    

In addition, pore size distribution is an indication of the distribution of pore volume with 

respect to pore size. It’s been proved that the desorption branch of the isotherm is more 

appropriate for pore volume and pore size distribution evaluations. The reason for that is 

desorption branch exhibits a lower relative pressure for the same volume of gas resulting 

in a lower free energy state. Therefore, it is closer to true thermodynamics. There are 

different techniques for the pore size distribution and pore volume determination. Barrett-

Joyner-Halenda (BJH) method is one of the widely used techniques for this purpose.104 

Although this method is applicable from both adsorption and desorption branches, 

however, as it was mentioned earlier, the desorption branch provides more accurate 

results. This method is a modified version of Kelvin equation and relates the pore 

diameter to the pore condensation pressure.104-105           

1.4.3. Thermogravimetric Analysis: 

Thermogravimetric analysis (TGA) is used to characterize the chemical and physical 

properties of the materials.106-107 TGA measures the mass changes (loss or gain) of a 

sample as a function of temperature in a defined atmosphere. A sample, which is loaded 

on a microbalance is heated with a controlled heating program. Any changes in the mass 

is measured and recorded as a function of temperature. The mass change in the sample is 

indicative of transitions such as moisture loss, oxidation, decomposition or evaporation of 

some components from the sample. TGA in conjugation with PXRD help to determine 

the required temperature to anneal a sample.  
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1.4.4. Scanning Electron Microscopy: 

Scanning electron microscopy (SEM) is one of the main tools to study the structure, 

external morphology (texture) and orientation of the materials.108 This technique provides 

images of the surface at scales down to nanometers. The magnification and depth of field 

of the scanning electron microscopy are greater than a light microscopy allowing for 

observing much smaller particles with more details. 

This microscope utilizes an electron beam to create an image of the sample. This beam of 

electrons is generated from a filament (cathode) which is then accelerated by a negatively 

charged anode under the vacuum toward the specimen. The path of electrons is controlled 

using electromagnetic lenses and passes through several apertures before reaching the 

specimen (Figure 1.6).109 
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Figure 1.6109 Schematic diagram of the SEM chamber 

As the electrons strike the sample, they interact with a small area of the sample called 

interaction volume and eject secondary electrons from the sample. Figure 1.7110 shows 

the interaction between the incident electron beam and the sample. 
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Figure 1.7110 Interaction between the electron beam and the sample 

The number of the secondary electrons is related to the intensity of the incident beam. 

Higher voltage results in more emitted secondary electrons emitted from the sample. 

These secondary electrons originate from the area of sample-beam interaction (interaction 

volume) and/or the back scattered electrons as they exit the sample. This interaction 

volume causes a limitation in the resolution of the SEM images. As these electrons are 

directed to a biased detector, the final image is generated.  

There are different operating conditions which can optimize the quality of the SEM 

images, such as the beam current, aperture size, and voltage. 

In addition, as the beam strikes the sample, it produces a variety of elastic and inelastic 

collisions between the atoms and electrons (Figure 1.8).108 In elastic scattering the 
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trajectory of the incident electrons change as they strike the atoms of the sample and are 

redirected out to the surface (backscattered electrons). Larger atoms produce more elastic 

scattering as the result of the greater cross sectional area. The number of the electrons 

which reach the backscattered detector is proportional to the atomic number (Z) of the 

materials. A brighter area in the image correlates with greater Z number and darker area 

is related to lower average Z number. Hence, the BSE images are very helpful for 

obtaining compositional map of a sample with different phases. 

 

Figure 1.8108 Schematic representing elastic and inelastic collisions 

1.4.5. Energy Dispersive X-Ray Analysis: 

Energy dispersive x-ray spectroscopy (EDS) in conjunction with the scanning electron 

microscopy is used to study the elemental composition of the materials. As the electron 

beam strikes the sample, some of the electrons in the sample get ejected to excited states. 

As shown in Figure 1.9111 the electron vacancies are filled by the electrons from the 

higher states. As the result, the energy is released from the sample in the form of x-ray to 
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balance the energy difference between the two electron states. This resulted x-ray is the 

characteristic of the element. 

 

Figure 1.9111 Schematic illustrating the X-ray emission during EDS analysis 

The EDS detector measures the relative abundance of x-rays versus the energy of them. 

Therefore, it can be used both for elemental mapping and the quantity of the components 

in a sample. 

1.4.6. Transmission Electron Microscopy: 

Transmission electron microscopy (TEM) is another powerful tool to characterize the 

materials. The basic principal of it is similar to the light microscope. However, it uses 

electrons instead of light. The shape and size of the particles can be determined using this 

imaging technique. Same as SEM the sample is exposed to a high energy electron beam. 

In TEM the electrons of interest are the primary electrons which penetrate through the 

sample rather than interacting with it as it happens in SEM. Hence, the accelerating 

voltage should be much higher than SEM to give enough energy to the primary electrons 
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to pass through the sample. The resolution of TEM is not limited by the interaction 

volume. Thus, the resolution of TEM images is much higher compared to SEM images. 
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CHAPTER 2.   

Mixed oxidation state Cu nanomaterials by one-pot sol gel method 

 Introduction: 

Copper-based heterogeneous catalysts are key materials for environmentally-important 

reactions such as hydrogenation of carbon dioxide to methanol,1-3 NOx selective 

reduction,4 CO oxidation,5 and cross-coupling reactions.6 These materials are usually 

supported on a substrate such as zinc oxide or aluminum oxide in order to increase their 

active surface area, improve their porosity characteristics, and influence their reactivity. 

Copper oxide nanomaterials in the presence of ZnO and Al2O3 is known as the best 

heterogeneous catalyst for carbon dioxide hydrogenation to methanol.7-9 Cutting-edge 

preparative methods in materials science have recently opened the possibility of 

preparing unsupported copper catalysts with high surface areas.  For example, sol-gel 

methods have recently been explored as a route to unsupported porous copper materials,10 

and Cu nanoparticles have displayed excellent activity as heterogeneous catalysts for the 

Sonogashira coupling reaction.11-12  

 Many studies have investigated the relative catalytic activities copper oxidation 

states for a given reaction.  For example, Jernigan et al. studied CO oxidation by copper 

and copper oxides8 and reported that the catalytic activity of the copper species decreases 

in the order of Cu > Cu2O > CuO. However, Huang indicated that Cu2O exhibits the most 

activity for this reaction, but that non-equilibrium surface structures are important.13  On 

the other hand, cupric oxide nanopowders (CuO) have been reported recently as efficient 

catalysts for CO oxidation whereas bulk CuO did not show any activity under analogous 
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conditions.14 The ambiguity of which is the "active oxidation state” may point to 

cooperative effects when mixtures of oxidation states are present and the importance of 

physical properties. As such, methods for the preparation of homogenous copper 

nanomaterials with controlled ratios of the oxidation states or of non-stoichiometric 

CuxOy nanomaterials would provide interesting insights into the catalytic activity of 

copper heterogeneous catalysts. 

Synthesis of sol-gels of two-valents metal ions have been always crucial due to low 

acidity of M+2. Unsupported copper-based gel was fabricated in Hope-Weeks group for 

the first time via epoxide-addition method.10 The synthesized copper gel was one of the 

first few reports of successful aerogel formation of the sol-gel metal oxides with lower 

oxidation states. However, the reaction time was long and the resulted gel was relatively 

un-robust. In addition, the thermal behavior and molecular structure of the copper-based 

sol-gel was never investigated in that study.   

 Here, we report a significantly improved facile epoxide-addition method for the 

synthesis of unsupported copper-based sol-gels and aerogels which exhibit enhanced 

mechanical and physical properties. The resulting copper-based aerogels convert to 

unsupported, nanocrystalline CuO at relatively low temperatures. Additionally, residual 

organic material in the as-prepared aerogel can be utilized as a latent reductant during 

anaerobic annealing of this material to afford unsupported mixed oxidation state copper 

nanomaterials. The ratio of copper phases is easily tuned by adjustment of the thermal 

program. 
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2.2 Experimental Methods: 

2.1.1.  Materials: 

Copper bromide (Alfa Aesar), epichlorohydrin (Acros) and dimethyl formamide (DMF, 

Fisher) were all used as received. All syntheses were performed under ambient conditions.  

2.1.2.  Synthesis of the Copper Aerogels: 

Copper sol-gels were prepared by addition of epichlorohydrin (2.75 mL, 0.03 mol) and 

H2O (0.24 mL, 0.013 mol) to a solution of CuBr2 (0.7371 g, 0.0033 mol) dissolved in DMF 

(5 mL) to yield a dark-green solution. Following combination of all the reagents, the 

solution was stirred for 5 seconds and then poured into 3 dram shell vials as molds which 

were capped and left undisturbed to gel. After 10 minutes the gel started to form and the 

solution turned lighter green and opaque. Sol-gels were allowed to age for 24h, and then 

washed with DMF and acetone (3 times each solvent, 24h each time). The gel samples 

were then dried in a SPI-DRY model critical point dryer using carbon dioxide to generate 

aerogels. 

2.1.3.  Physical Characterization:  

PXRD analyses were performed on a Rigaku Ultima III diffractometer using Cu Kα 

radiation. The surface area was measured by N2 adsorption/desorption analyses conducted 

at 77K on a NOVA 4200e model surface area/pore size analyzer (Quantachrome 

Instrument Corp.). The morphology of the gel was studied by scanning electron 

microscopy (SEM) Hitachi S-4300 scanning electron microscope. TPR was carried out 

with a ChemBET TPR/TPD Analyzer (Quantachrome Instrument Corp.). 

Thermogravimetric analyses were conducted with a Shimadzu TGA-50 

Thermogravimetric Analyzer. Specimens for FTIR spectroscopy were prepared as KBr 
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pellets using ~10 mg of as-prepared aerogel in ~150 mg of KBr. IR spectroscopy was 

performed by Shimadzu FTIR-8400. 

  Result and Discussion: 

The formation of copper (II) aerogels from copper (II) chloride in 2-propanol using 

propylene oxide as a proton scavenger and gelling agent has been reported previously.10 

However, these gels are fragile and crumble from their monolithic form easily. Moreover, 

sols from CuCl2 undergo the sol-gel transition slowly and incompletely. The “epoxide 

addition” synthetic route to transition metal sol-gels is now well established, and the choice 

of precursor salt,15 solvent,16
  and epoxide17 are all known to influence the gelation process 

as well as the chemical and physical properties of the resulting gels. The best combination 

of precursors is usually empirically determined. Different solvents, epoxides, and copper 

salts were examined to achieve a quick and facile synthesis of copper aerogels with 

improved mechanical properties. Among a variety of conditions, the best result was 

obtained using copper (II) bromide in DMF and epichlorohydrin as the epoxide. In this 

system, the reactants undergo the sol-gel transition within 10 minutes of mixing at room 

temperature to afford a robust, opaque, turquoise-coloured gel. After washing the gel and 

critical drying, a monolith was obtained. The as-prepared aerogels were characterized by 

powder X-ray diffraction (Figure 2.1). The PXRD pattern was matched as weakly 

crystalline Cu2(OH)3Br phase (PDF No.00-045-1309). The analogous Cu2(OH)3Cl phase 

was identified in the as-prepared CuCl2-derived gels.  
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Figure 2.1 PXRD pattern of a) as-prepared Cu aerogel derived from CuBr2 in DMF 

with epichlorohydrin as a gelling-agent and b) CuO obtained by annealing this 

specimen at 250 °C for 8 hours. 

The surface area of the CuBr2-derived gel was found to be lower compared with the gel 

derived from CuCl2. The loss of surface area (232 m2 g-1 versus 313 m2 g-1) can be 

attributed to the improved mechanical properties for CuBr2-derived gel.  

SEM images show the as-prepared aerogel to have a coral-like morphology with a 

homogenous network of pores with a variety of sizes (Figure 2.2). On the other hand, the 

CuCl2-derived gel was composed of aggregated clusters with large void spaces. This can 
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Figure 2.2 SEM image of the as-prepared CuBr2-derived aerogel.   

be a reason for the difference in surface area.  

The thermogravimetric analysis of copper basic halides has been previously studied18 and 

revealed that Cu2(OH)3Br undergoes thermal degradation at lower temperatures than 

Cu2(OH)3Cl which is one of the advantages of using CuBr2 instead of CuCl2. Thermal 

decomposition of copper basic halide has three distinct steps:  

1. Dehydroxylation and elimination of water 

2. Redox reaction to form Cu2X2 and X2  

3. Volatilization of Cu2X2  

2Cu2(OH)3Br  3CuO + CuBr2 + 3H2O  

CuBr2  1/2 Cu2Br2 + 1/2 Br2  
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However, in case of Cu2(OH)3Br the first two steps take place simultaneously since 

Cu2(OH)3Br undergoes redox reaction more readily than the chloride analogue. They can 

be summarized in one reaction:  

2Cu2(OH)3Br  3CuO + 1/2 Cu2Br2 + 1/2 Br2 + 3H2O  

Moreover, under inert atmosphere, Cu2X2 volatilizes, whereas under air the Cu2X2 is 

oxidized to CuO. The thermal behavior of Cu2(OH)3Br under inert atmosphere is consistent 

with the literature report.18 The first mass loss observed from 130-265°C corresponds to 

dihydroxylation and redox reaction and the second mass loss from 300-400 °C is attributed 

to the volatilization of Cu2Br2 (Figure 2.3).        

 The observed mass losses were 22% and 20% respectively which are lower than the 

calculated mass losses of 26% and 28%. The calculated mass losses are based on the 

stoichiometric quantity of bromide in the material. However, if the aerogel is bromide-

deficient relative to the Cu2(OH)3Br, then the mass loss would be lower. The phase 

identification of the aerogel via PXRD is challenging due to the amorphous nature of the 

CuBr2-derived aerogel which is consistent with the inexact stoichiometry of the material. 
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Figure 2.3 Thermogravimetric profile of the as-prepared CuBr2-derived aerogel 

under nitrogen flow. 

Annealing the as-prepared aerogel under static air induced formation of crystalline CuO. 

Table 2.1 depicts a series of aerobic annealing of the aerogel at different temperatures. The 

phase transition was completed after annealing for 8 hours at 250 °C which is much lower 

than 450 °C for CuCl2-derived analogue (Figure 2.1) (PDF No.00-044-0706). This mild 

annealing condition resulted in an average particle size of 11 nm based upon (111) 

reflection of PXRD pattern. Moreover, in the case of CuCl2-derived aerogel even after 

annealing at temperatures above 350 °C, the diffraction peaks of both copper(II) oxide, 

CuO and copper(I)oxide, Cu2O were identified even though Cu2O is not predicted by 

thermal decomposition pathway in the literatures. This result suggests the inexact chemical 
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formulas of Cu2(OH)3X which is attributed to the presence of retained organic material in 

the aerogel. 

Table 2.1 Static air annealing conditions, CuBr2-derived aerogel 

Target Temp. 

(°C) 

Ramp 

Rate  

(°C min-1) 

Dwell Time 

(hr.) 

Observed 

Phases 

400 10 2 CuO  

275 2 2 CuO/CuBr 

275 2 6 CuO/CuBr 

275 2 8 CuO 

250 2 8 CuO 

 

Interestingly, annealing of the CuBr2-derived aerogel under nitrogen resulted in a mixed 

oxidation state copper oxide materials (Figure 2.4). 

 

Figure 2.4 PXRD patterns of the Cu aerogel material after various annealing 

programs. 
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To explore the effect of the annealing conditions on the resulted product, the sample was 

annealed under different conditions. The ratio of different copper species was adjustable 

by changing the temperature and dwell time (Table 2.2). For instance, annealing at 400 °C 

resulted in a mixture of CuBr, Cu2O and CuO which contains the most oxidized Cu phase. 

The amount of lower oxidation state species was increased by changing the temperature 

and the time.  More reduced copper phases were obtained by increasing the temperature 

and the time to 450 °C and 7 hours. Formation of the reduced copper species could be a 

result of the residual organic material in the aerogel network structure which undergoes a 

smelting reaction in inert atmosphere.19-20  

 

Table 2.2 Inert atmosphere annealing conditions, CuBr2- derived gel 

Target 

Temp. (°C) 

Ramp Rate 

(°C min-1) 

Dwell 

Time (hr.) 

Observed Phases 

400 10 2 CuO/Cu2O/CuBr  

400 2 7 CuO/Cu2O/Cu/CuBr 

450 2 4 Cu2O/CuBr 

450 2 6 Cu/Cu2O/CuBr 

450 2 7 Cu2O/Cu/CuO(minor) 

 

To investigate the presence of the retained organic material, an FT-IR spectrum of the as-

prepared aerogel was obtained (Figure 2.5). The spectrum exhibited OH vibration near 

3400 cm-1 which is attributed to the hydroxyl group in the Cu2(OH)3Br network and a peak 

near 1400 cm-1 corresponds to the coordinated DMF molecules. The spectrum obtained for 

the as-prepared aerogel is consistent with the FT-IR pattern of Cu2(OH)3Br reported 

previously21 except for the observed peak at 1400 cm-1 which supports the presence of 
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coordinated DMF molecules in the gel matrix. Moreover, elemental analysis of the as-

prepared aerogel was obtained which indicated the presence of 6.33% carbon, 1.79% 

hydrogen, and 1.34% nitrogen. 

 

Figure 2.5 FTIR spectrum of the as-prepared CuBr2-derived aerogel, prepared as a 

KBr pellet. 

According to previous reports,22 temperature programmed reduction of CuO nanoparticles 

exhibit a single peak indicating one-step reduction mechanism directly from CuO to 

metallic Cu without formation of Cu2O as an intermediate whereas bulk CuO exhibits a 

two-step mechanism with formation of Cu2O intermediate. To explore the thermal behavior 

of this material and also to confirm the particle size obtained by PXRD, the temperature 

programmed reduction was performed on the CuO sample annealed at 250 °C using a 

mixture of 5% hydrogen and 95% nitrogen (Figure 2.6). For TGA experiments, the thermal 
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program raised the specimen to 100 °C at a ramp rate of 10 °C min-1, held the sample at 

100 °C for one hour to remove residual volatile materials, and then raised the specimen to 

600 °C at a ramp rate of 5 °C min-1.  The single peak obtained by TPR is consistent with 

the previous report and confirmed the particle size calculated by PXRD.   

 

Figure 2.6 Temperature programmed reduction (TPR) of the CuO in 5% H2/ 95% 

N2 stream at a constant thermal ramp of 5 °C min-1. 

 Conclusion: 

In this study, copper aerogels were successfully prepared using the epoxide addition 

method. The gelation time was significantly faster and the mechanical strength was 

higher compared to the previous report. The as-prepared gels were identified as copper 

bromide hydroxide. Here we have demonstrated that annealing under inert atmosphere 

results in a mixture of copper metal and Cu2O as primarily phase. It was also found that 
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CuO could be formed by calcinations under air at much lower temperature compared to 

CuCl2 analogue. FT-IR spectrum, PXRD, annealing studies of as-prepared material 

revealed the presence of DMF molecules which was supported by elemental analysis. 

This can result in inexact stoichiometry of chemical formula. This organic component 

enables the formation of mixed oxidation-state Cu materials by smelting-type reactions 

under inert atmosphere. A single reduction peak of air-annealed Cu aerogel confirmed 

that the particle size of the Cu-aerogels fall in the range of nanoparticles which was also 

observed by PXRD. 
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CHAPTER 3.   

Sol-Gel Synthesis of a Series of First Row d-Block Ferrites via the 

Epoxide Addition Method 

  Introduction: 

The following chapter is a previously published work,1 reproduced here under the 

author’s copyright. 

Among all the magnetic materials, ferrite nanomaterials have attracted more attention. 

These materials have shown the best magnetic properties up to date.2-7   

Ferrites are a class of spinel’s formed by oxides of mixed valence metals in +2 and +3 

oxidation states in the cubic crystal system; with nominal formula MFe2O4, where M 

denotes any divalent metal ion.4, 8-9  

The spinel crystal structure resembles the mineral spinel MgAl2O4. As shown in Figure 

3.1this structure with the formula of AB2O4 is composed of a cubic closed-packed (ccp) 

unit cell which contains 32 anions (O-2 ions). The A cations occupy one-eighth of 

tetrahedral sites and the B cations occupy half of octahedral sites per unit cell, the others 

remain unoccupied.9-10 
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Figure 3.110Description of spinel structure 

It should be noted that A and B can be the same elements but in different oxidation states, 

for example, Mn3O4 adopts this structure in which one of the Mn cations is +2 and the 

other two cations are +3.11 The smaller ion typically occupies half of the octahedral sites 

and the larger ion occupies every eighth tetrahedral site.  

Ferrite spinel’s can be broadly categorized into three structure classes: 1) those in the 

“normal spinel” structure, in which the +2 ion occupies the tetrahedral site.12 For 

example, ZnFe2O4 has a normal spinel structure.13 2) the “mixed spinel” in which there is 

some degree of +2 and +3 ion in each the tetrahedral and the octahedral sites.14 MnFe2O4 

belongs to this group,15 and 3) the “inverse spinel”, in which the +2 ion occupies 

octahedral sites only. For example, NiFe2O4 has been shown to have completely inverse 

spinel structure over a wide range of temperature.16 

In synthesizing a series of composite metal oxides such as ferrites across the periodic 

table, varying activities and reduction potentials can pose a problem to the use of the 
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same synthetic method. This introduces an additional variable into the analysis of a large 

series of materials. The epoxide addition technique allows the synthesis of metal oxides 

composed of both simple and complex metal oxide structures which have been 

historically difficult to obtain, and often with smaller particle sizes when compared to 

other methods.17-19 A variety of metal salts, concentrations, solvents, and other 

orthogonal synthetic parameters are available to tune the physical properties of the 

obtained gels.18-20 Thus this approach supplies material science with a “synthetic 

toolbox”:21 allowing the synthesis of series of materials with interesting properties by 

modifying the synthetic parameters. Due to the simple and direct protocol of the epoxide 

addition method, it is possible to synthesize a complete series of metal-oxide gels. This 

ideally allows comparisons of the obtained materials to be made without regard to 

differences in the synthetic method. The ability to tune the characteristics of the materials 

can improve the application of the aerogels in different areas. This helps to advance the 

understanding of catalysis22 and inform the design of novel catalysts.23-27 

In the present work, a series of late transition metal ferrite spinels were synthesized. 

Besides the incredible magnetic properties, these materials are of interest as carbonate 

absorbents and to industrial petroleum catalysis such as Fischer-Tropsch, Water-Gas-

Shift, etc. Cobalt, Nickel, Copper, and Zinc ferrites were all synthesized according to the 

same method, which has been previously refined.20, 28 To the authors’ knowledge, there 

are only a few examples of a series of ferrites being successfully synthesized in a 

systematic manner via an identical procedure.29 
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  Experimental Method: 

3.2.1.  Materials: 

All reagents in this procedure were used as received:  FeCl3•6H2O (Alfa Aesar), 

anhydrous ZnCl2 (Fluka), CuCl2•2H2O (Alfa Aesar), CoCl2•6H2O (Mallinckrodt), 

NiCl2•6H2O (Alfa Aesar), acetone (ACS grade, Mallinck-rodt), absolute ethanol 

(Pharmco Products), and propylene oxide (TCI America). All water used was deionized 

to 18.4 MΩ•cm using an ultrapure water system (Easy Pure II, Barnstead International). 

All syntheses described were performed under ambient conditions. 

3.2.2.  Synthesis of the Ferrite Series:  

All ferrites were synthesized from starting materials in the same cation stoichiometry as 

the target product and with approximately unity yield. Large batches were synthesized to 

limit error and variation. In a typical synthesis, 1.34 g (8.25 mmol) FeCl3.6H2O was 

added to a beaker and hydrated by adding water drop-wise in an appropriate amount to 

total 99 mmol total water, including waters of hydration in the salt precursors. The 

hydration is exothermic. Then 4.13 mmol of the relevant divalent metal chloride salt was 

added to the FeCl3 solution, and the metal salts were subsequently dissolved and diluted 

in absolute ethanol in a volumetric flask until the total volume reached 50 mL. After the 

metal chloride solution was thoroughly stirred for several minutes, 2.0 mL of the solution 

was added to a 3 mL glass scintillation vial. Next 0.33 mL (4.7 mmol) of propylene oxide 

was added to the vial and the reaction mixture was stirred on a minivortex for several 

seconds. As the reaction is mildly exothermic it was necessary to vent each vial by 
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removing the cap and then replacing it. Each vial was set aside and allowed to gel 

unperturbed. 

After the gels were aged for 1 day, the caps on the vials were removed, and they were 

subsequently washed by submersion in an acetone bath for a period of approximately 2 

weeks. The acetone in the bath was changed frequently to facilitate diffusion of water and 

other by-products from the gels’ pores. Aerogels were made by transferring the wet gels 

to a SPI-DRY model critical point dryer and exchanging acetone with CO2 (l) at 10 °C 

and ~850 psi (5.9 MPa). Acetone was removed over a period of approximately 3–4 days. 

Once all acetone had been removed, the autoclave was heated past the critical point of 

CO2: approximately 38 °C and 1,200 psi (8.3 MPa). The vessel was returned to 

atmospheric pressure and temperature overnight with incremental venting. 

Samples were prepared for X-ray diffraction analysis by annealing in a programmable 

oven at 350 °C to induce the formation of crystalline ferrite material, except in the case of 

CuFe2O4, which was annealed at 700 °C. The oven was programmed to heat at a rate of 1 

°C/min to 350 °C (or 700 °C) and then held for 6 h before returning to room temperature 

at the same rate. 

3.2.3. Physical Characterization: 

Porosimetry data were collected using a Nova 4200e model surface area analyzer 

(Quantachrome Instrument Corp.). Nitrogen adsorption/desorption isotherms were 

collected at 77 K using an equilibration time of 5 minutes. As-prepared aerogel 

specimens were degassed at 80 °C for 20 h. Surface areas were calculated using the 

Brunauer-Emmett-Teller (BET) method from five data points in the relative pressure 

range of 0.05 and 0.3 P/P0. The average pore diameters and pore volumes were 



Texas Tech University, Roya Baghi, May 2017 

 

63 

 

calculated using the Barrett-Joyner-Halenda (BJH) method using the desorption branch of 

the isotherm. 

As-synthesized aerogel powders were analyzed by thermogravimetric analysis (TGA) on 

a Shimadzu TGA-50. The thermal program raised the specimen to 100 °C at a ramp rate 

of 10 °C/min, held at 100 °C for one hour to remove residual volatile materials, and then 

the temperature was raised to 600 °C at a ramp rate of 5 °C/min. 

Temperature programmed reduction (TPR) was carried out with a ChemBET TPR/TPD 

Analyzer (Quantachrome Instrument Corp.) equipped with a thermal conductivity 

detector (TCD). A 100 mg sample was reduced in a gaseous mixture of 5% H2-95% N2 at 

a flow rate of 70 mL/min. The sample was heated from room temperature to 700 °C at a 

heating rate of 5 °C/min. The hydrogen consumption was monitored using a TCD 

detector. 

Low resolution scanning electron microscopy (LR-SEM) analysis was conducted on each 

ferrite-based aerogel after annealing. Analysis was performed on a Hitachi S4300 

electron microscope operating at 3 kV accelerating voltage. Aerogel powders were gently 

applied onto a carbon adhesive tape, which had been previously affixed to an aluminum 

stub. The specimens were sputter-coated with Au-Pt at 10V and 5 mA for 30 s. Energy 

Dispersive X-ray (EDX) analysis to determine elemental composition was conducted on 

the same instrument at an accelerating voltage of 20 kV. 

High resolution scanning electron microscopy (HR-SEM) analysis was conducted on 

annealed aerogel ferrites in a Hitachi S5000 electron microscope operating at 10 kV 

accelerating voltage in scanning and transmission modes. Samples were prepared by 

introducing an ultrathin carbon coated Cu-TEM grid into a vial containing annealed 
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samples; excess sample was removed by passing a gentle stream of air over the grid. 

After preparation, the samples were sputter-coated with Ir to allow charge dispersal and 

improve image quality under similar conditions described above.  

Transmission electron microscopy (TEM) analysis was performed on each annealed 

ferrite aerogel using a Hitachi 8100 electron microscope operating at an accelerating 

voltage of 75 kV. Samples were prepared by introducing an ultrathin carbon coated grid 

into a vial containing annealed aerogel powders; excess sample was removed by passing 

a gentle stream of air over the grid. Particle analysis and statistics were conducted using 

the ImageJ® software package blind, on unlabeled micrographs. 

The crystalline phase present in both the as-synthesized and the annealed ferrite-based 

powders was evaluated by powder X-ray diffraction (XRD) analysis. Analysis was 

performed by a Rigaku Ultima III X-ray diffractometer equipped with a monochromator 

using Cu Kα radiation as the X-ray source. The Jade® 9.1 software program was used to 

analyze the resultant X-ray diffraction patterns, index reflections, and calculate the 

crystallite size. The International Center for Diffraction Data Joint Committee on 

Diffraction Data (JCPDS) database was used to statistically match diffraction patterns 

matching EDX composition. 

For the in situ high temperature powder X-ray diffraction investigation of CuFe2O4, the 

as-prepared aerogel was placed in the heating stage and was heated from room 

temperature to 850 °C with a heating rate of 5 °C/min. The PXRD patterns were collected 

at room temperature and for every 100 °C interval in the 450 – 850 °C range. The 

temperature was held at each step for 60 minutes before collecting the PXRD patterns.  
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 Result and Discussion: 

3.3.1. Gel Formation Study:  

A total of four distinct gels were synthesized from ethanol solution: cobalt-, nickel-, 

copper-, and zinc-ferrites. All gels formed rapidly, consistently in ~40 replicates each and 

without problem, provided they were not agitated after the initial mixing which prevents 

gelation. Cobalt-iron salt solutions were a dark green brown, which rapidly darkened to 

blue-green upon the addition of propylene oxide. Nickel-iron solution is a light yellow, 

which gradually darkens to a reddish-black. Copper-iron solution in ethanol is a light 

green, and quickly darkened to reddish-brown with the addition of propylene oxide. Zinc 

containing solutions were red-orange prior to the addition of propylene oxide and 

afterwards darkened to red-brown. All colors lighten in hue following washing and again 

after supercritical drying. Gelation followed the pattern as previously reported.20, 28 A 

single scintillation vial of each gel was used to test the gelation, which was judged to be 

complete when the reaction vial could be gently tilted without causing a visible 

disturbance in the meniscus. In all cases an abrupt lightening color change indicated the 

gelation was complete after approximately 30 minutes. The observation was confirmed 

approximately ~20 times for each gel, with a range of 30-34 minutes for all ferrites and 

no immediately discernible trends from one divalent cation to another.  

All gels were dried under supercritical conditions to produce aerogels. The 

resulting aerogels were monolithic and robust. The materials obtained are shown in 

Figure 3.2 for each ferrite. 
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3.3.2. Porosimetry Results: 

All ferrite aerogels were analyzed by nitrogen adsorption/desorption analysis to 

characterize their respective surface areas and pore volumes (Table 3.1). The isotherms 

are displayed in the Appendix Figure A 1 to A 4.  

 

Figure 3.2 Ferrite aerogels from left to right: cobalt ferrite, nickel ferrite, copper 

ferrite and zinc ferrite. 

All materials were found to be highly porous. Special effort was taken to rapidly measure 

the materials’ gas desorption, as previous results suggested a strong sensitivity to 

atmospheric moisture. The BJH calculation of pore volume and radius does indicate that 

the copper ferrite is significantly less porous than the others in the series, and this relates 

well to other observations of the copper ferrite.  However, based on these results there is 

no clear trend in the data, except that the materials are all mesoporous and have high 

surface area on the order of 500-600 m2/g. Annealing the as-prepared aerogels led to 

lowering the surface area, pore volume and pore radius. This shrinkage is attributed to the 
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surface coarsening, sintering and aggregation of the particles. Densification reduces the 

porosity of the samples as illustrated by the reduction in pore volume and pore radius. 

Table 3.1 Porosimetry Results for Ferrite Series 

Aerogel BET S.A. 

(m2/g) as-

prepared 

(calcined*)  

Pore 

volume 

(cm3/g) as-

prepared 

(calcined*) 

Pore radius 

(nm) as-

prepared 

(calcined*) 

CoFe2O4 560 (151) 2.0(0.5) 6.0(5) 

NiFe2O4 519 (273) 2.7(0.9) 7.7(3) 

CuFe2O4 505 (170) 1.7(0.6) 1.5(2) 

ZnFe2O4 539(184) 3.0(0.9) 6.1(5) 

 

*The porosimetry results for CuFe2O4 annealed at 700 °C are summarized in the 

Appendix (Table A 1). 

3.3.3. Powder X-Ray Diffraction Analysis: 

The four materials were analyzed by powder x-ray diffraction analysis. Un-annealed 

aerogels exhibited little to no crystallinity indicating the amorphous nature of the as-

prepared materials. Annealing the as-prepared cobalt, nickel, and zinc ferrite at 350 °C 

resulted in formation of crystalline phases and had perfect database matches via Jade® 10 

to the JCPDS database for the nominal ferrite, with no impurities detectable by XRD. 

Cobalt ferrite, JCPDS#97-018-4063, nickel ferrite JCPDS#97-0246894, zinc ferrite 

JCPDS#97-016-3781 (Figure 3.3). Scherrer fits to the principle reflection (311) in the 

obtained patterns for these three materials calculated crystalline domain sizes of 5 nm 

(cobalt ferrite), 5 nm (nickel ferrite), and 6 nm (zinc ferrite). However, after annealing at 
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350 °C, the copper ferrite sample did not show a well-defined crystalline copper ferrite 

phase (Figure A 5), and instead was mainly amorphous with minor component matches to 

CuO and Cu2Cl(OH)3.  

So-called cuprospinel, the copper derivative of the ferrite ceramic, is known to transform 

to the tetragonal structure after formation, and to form an unstable cubic spinel at 

elevated temperatures.30 Therefore, in order to obtain the diffraction pattern in Figure 

3.3C, a special, high-temperature PXRD stage was used, which allows the collection of 

diffraction patterns at elevated temperature. When the diffraction pattern was obtained at 

high temperature using the high temperature stage as shown in Figure 3.3C, the copper 

ferrite signature dominated the pattern and yet still shows minor contributions from 

hematite and copper oxide, as well as the majority component copper ferrite reflections. 

For experiments not using the high-temperature apparatus, in which annealing was done 

in a programmable oven at 700 °C and the PXRD was obtained after cooling to ambient 

temperature (Figure 3.4), the copper ferrite phase was much less dominant than that 

shown in Figure 3.3C, and copper oxide and hematite become large components. The 

matching database JCPDS numbers are 97-018-8855, 98-000-0429, and 99-000-4448, 

respectively. 

Reference to literature indicates that the cubic spinel phase of CuFe2O4 is not stable at 

low temperature.30 
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Figure 3.3 Powder XRD analysis of each ferrite gel after annealing. A: cobalt 

ferrite; B: nickel ferrite; C: copper ferrite; D: zinc ferrite. A, B and D annealed at 

350 °C and cooled to ambient temperature; C (copper ferrite) annealed and 

diffraction pattern obtained at 700 °C. 

The cubic structure forms at higher temperatures (as in Figure 3.3C), and when the 

material is cooled to ambient temperature CuFe2O4 dynamically shifts into the tetragonal 

crystal structure. Furthermore, it has also been found that the nominal copper ferrite 

materials obtained by mechanical milling, combustion, etc., are normally a mixture of 

copper oxide, iron oxide and copper ferrite phases if confirmed by XRD.31-34 This 

instability is understood to be due to the decomposition of the cubic copper ferrite 

through grain growth of copper oxide and hematite during the shift of cubic CuFe2O4 into 

the tetragonal crystal structure.30, 32-33 Due to Ostwald ripening at the elevated 
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temperature and time held, Scherrer fit on the (211) reflection finds a crystallite size of 70 

nm for the material in Figure 3.4. Manual measurement of TEM results via ImageJ® also 

yields 70 nm for the mode particle size (Figure A 6) 

While zinc ferrite is a normal spinel structure with the M2+ ion uniformly occupying only 

tetrahedral sites in the crystal lattice, cobalt and nickel ferrites are inverse spinels. This 

means that in cobalt and nickel ferrites the M2+ species occupies only octahedral sites, 

along with half of the M3+ ion species in a slightly disordered fashion.35,36 Copper ferrite 

is a material which has received some attention due to its interesting properties, which 

include not forming below 700-800 °C, not being obtainable in pure form below 1000 °C, 

gradual decomposition to the tetragonal form and grain segregation into hematite and 

copper oxide at ambient temperature, and being highly disordered in the copper ion site 

selection (i.e., it is not a “normal” or “inverse spinel”, but a “mixed spinel”).32,37 

Experimental and theoretical work find that metastable forms in the cubic spinel and 

tetragonal forms in varying purities can be obtained by rapidly cooling from high 

temperature, but that while the Fe3+ containing cells are ordered and standard with respect 

to other ferrite spinel’s, the Cu2+ containing cells experience a “Jahn-Teller-like” 

distortion in the solid state, and this introduces spatial disordering also to the randomly 

aligned Fe3+ cells.32 This disordering has significant impact on XRD analyses. 
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3.3.4. Electron Microscopy of Ferrite Aerogels: 

The morphologies of annealed gel were investigated by low resolution scanning electron 

microscopy. At the bulk level, the aerogels appear to have minimal differentiation and are 

indistinct. All the materials are visibly porous and rough at this resolution. This is shown 

in Figure 3.5. Zinc ferrite (Figure 3.5C) appears slightly denser and less roughly textured. 

High resolution SEM was also conducted on the aerogels, as shown in the insets in Figure 

3.5. An iridium sputter coat allowed charge dispersal, but the copper materials did not 

have high enough contrast to generate a quality image. It is possible to say from HR-SEM 

that the materials generally possess the “pearl necklace”20, 28 morphology with spherical 

particles, and that the particle or agglomeration size decreases while going from left to 

Figure 3.4 PXRD pattern of initially cubic CuFe2O4 (figure 3C) after cooling to 

ambient temperature at 1 °C/min following crystallization at 700 °C for 6 hr.; 

showing a complex pattern with contributions from tetragonal CuFe2O4, CuO, and 

Fe2O3. 
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right across images. Energy dispersive X-ray analysis was conducted to determine 

elemental composition of the annealed materials. Averaging over multiple measurements, 

elemental analysis indicates Fe:M2+ atomic ratios indicate an excess of iron in all cases 

except cobalt ferrite: cobalt ferrite: 1.90 Fe:Co; nickel ferrite: 2.28 Fe:Ni; copper ferrite: 

4.46 Fe:Cu; zinc ferrite: 2.99 Fe:Zn. 1-2 atomic percent Cl was 

 

Figure 3.5 SEM micrographs of ferrite gels at 2 µm. A: CoFe2O4; B: NiFe2O4; C: 

CuFe2O4; D: ZnFe2O4. Insets are High Resolution SEM micrographs of ferrite gels 

at 200 nm. 

present in all samples, as well as less than 1% atomic Au. 

Transmission electron microscopy (TEM) analysis was performed on several areas of 

each annealed ferrite aerogel synthesized. The TEM morphology of all ferrite aerogels on 

the nanometer scale is aptly described as the “pearl necklace” morphology, as seen in 
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SEM, and a decreasing particle size mode is observed (Figure 3.6). All images are at 100 

nm scale bar. 

The particle size distributions of all materials were analyzed using ImageJ®, with a 

manual count of approximately 200 individual particles and binned into 2 nm classes. 

Graphs of particle size distribution are inset in each image. 

In the case of cobalt ferrite, the particle distribution after annealing has a peak particle 

size of 8 nm and is unimodal, monodisperse, and near Gaussian distribution about a mean 

of 9.4 nm and a standard deviation of 2.5 nm (1σ). All annealed ferrite TEMs show 

materials which maintain good isolation despite annealing, are nanoparticulate and have 

porous properties on the nanoscale. In nickel ferrite TEM results the particle size 

distribution shows a peak-shift to smaller particle sizes, with a mode in the range of 6-8 

nm and a mean of 8.3 ± 2.0 nm.  

For the purposes of TEM analysis, CuFe2O4 annealed at 350 °C was used. While the 

PXRD was wholly nondescript at this annealing temperature, the particulate nature of this 

material is just as apparent as it is with the other three materials. Moreover, its 

morphology is in keeping with the morphology observed for the other materials (pearl 

necklace, well isolated and porous), and the particle size distribution (inset) follows the 

exact same pattern, with a slight decrease in particle size to a mode of 6 nm, a mean of 

7.2± 2.0 nm, and positive tailing. While disorder within the crystallite prevents useful 

diffraction, the physical dimension and morphology of the amorphous material is in 
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keeping with the series. 

In the case of zinc ferrite, the dominant particle size is in the range of 4 nm, the mean is 

6.0 ± 1.8 nm, and otherwise very similar to both results of the other materials and to the 

ZnFe2O4 obtained previously.28 

TEM results clearly indicate a strong trend in the series cobalt- nickel- copper- zinc 

ferrites with decreasing particle size and finer structure in the obtained material. As 

shown in Figure 3.7, when particle size is plotted against the group number of the 

Figure 3.6 TEM micrographs of ferrite gels at 100 nm. A: CoFe2O4; B: NiFe2O4; C: 

CuFe2O4; D: ZnFe2O4. Insets are particle size distribution measured by independent, 

blind count of 200 or more individual particles. 
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divalent cation, the trend in decreasing physical particle dimension across the four 

samples is linear with a correlation coefficient of r2=0.9995.  

Ionic radius does not follow such a linear pattern across the series, and thus cannot be 

used to explain the very tight trend.38 Although unit cell dimensions have been long 

shown to have a strong dependence on ionic radius and electronegativity,39 there is no 

obvious connection to the crystalline domain dimensions (which in this case is not 

correlated within Scherrer resolution) nor in the bulk particle size. The relationship with 

the particle size is very interesting and worthy of further investigation. Particle 

measurement was conducted in random order and blind. 
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Figure 3.7 Particle size vs group number. r2=0.9995. Statistical particles sizes 

calculated from blind particle measurement and are (±1σ): cobalt ferrite, 9.39 ± 2.49 

nm; nickel ferrite, 8.27 ± 1.98 nm; copper ferrite, 7.19 ± 1.97 nm; zinc ferrite, 5.98 ± 

1.80 nm. 

3.3.5. Thermal Analysis: 

Thermogravimetric analyses (TGA) of the aerogels of all materials indicate a rapid mass 

loss due to dehydration condensation around 300-350 °C, in the magnitude of 

approximately ~33%. Any adsorbed water is driven off by holding the temperature at 100 
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°C for 1 h. This amounted to a loss of not more that ~2%. These are in the range of 

appropriate loss of product water formed from the metal hydroxide precursors during 

annealing into the ferrite materials.28 

The most salient feature of the TGA to be noted is that of CuFe2O4, which despite being 

invisible to XRD, undergoes the dehydration reaction at roughly the same temperature 

and to the same magnitude as all the other materials. As a result, it is reasonable to 

conjecture that the material obtained at 350 °C is in fact a metal oxide based network, 

which is simply too disordered to diffract.  

3.3.6. Temperature Programmed reduction: 

 

Figure 3.8 Temperature programmed reduction of the series of ferrites. A: 

CoFe2O4; B: NiFe2O4; C: CuFe2O4; D: ZnFe2O4. 
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Temperature programmed reduction (TPR) experiments were carried out for each of the 

ferrite samples to study the reducibility of the materials prepared with the epoxide 

addition method. H2-TPR profiles of the calcined ferrites are depicted in Figure 3.8. The 

Co, Ni and Zn ferrites displayed definable reduction edges. In accordance with literature, 

the first peak is assigned to the reduction of the divalent cations in CoFe2O4, NiFe2O4, 

and ZnFe2O4 (Co+2, Ni+2, and Zn+2 resp.) to the corresponding metallic Co°, Ni°, and Zn°, 

with the formation of hematite (Fe2O3). The second peak is ascribed to the reduction of 

Fe2O3 (hematite) to Fe3O4 (magnetite). The third signal is attributed to the reduction of 

Fe3O4 to metallic Fe° via FeO.40-41  

However, CuFe2O4 exhibits two distinctive peaks which is consistent with previous 

reports.31, 34, 42-43  

The first, broad peak is ascribed to both the reduction of CuFe2O4 to metallic Cu° and 

Fe2O3; and to the subsequent reduction of Fe2O3 to Fe3O4. The second peak is attributed 

to the reduction of Fe3O4 to metallic Fe°. The different reduction behavior of CuFe2O4 

can also be due to the presence of the reducible CuO and Fe2O3 as two additional, 

separate phases in the copper ferrite sample.44-45 This results in an overlap between the 

reduction peaks of these metal oxides in the mixture, which is unresolvable by TPR. 

 Conclusion:  

In conclusion, the series trends well according to particle size reduction from cobalt to 

zinc ferrites, although all materials are generally highly comparable in terms of 

morphology, porosity and habit. In the materials characterizations carried out within this 

work, there is very little difference from one to the next of these materials. Future works 

will focus on the catalytic analyses of these materials and the role of the specific metal 
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ion in the catalyst material. However, the copper ferrite material stands out in most 

respects as being specifically noteworthy.  

Copper ferrite doesn’t crystallize under similar conditions to the other members of the 

series, despite the power of the epoxide addition approach at forming the mixed- 

hydroxide precursors to the ferrites and the appearance that the mixed copper 

hydroxides—iron hydroxides likely follow an acceptably similar path up to this point. At 

the point of dehydration to form the metal-oxide network, however, copper is sufficiently 

unstable in the spinel matrix that the material partially segregates into copper oxide and 

hematite. The material is also otherwise highly amorphous. This is believed to be due to 

1) the unique structure of the copper ferrite material, which is a so-called mixed spinel, 2) 

due to the instability of cubic copper ferrite at room temperature,37 3) copper ionic 

diffusivity within the crystal structure,37 4) Jahn-Teller-like distortions in the copper ion 

containing cells,32 and 5) temperature dependence of the crystal parameters46 all lead to 

dynamic and real-time rapid distortion and disorder within the copper ferrite lattice 

structure.  

This aside, it has been demonstrated that these materials form highly porous, high surface 

area, nanoparticulate materials which are easily and directly comparable across the series, 

and are ideally suited to catalytic study when generated by the epoxide addition method 

in the uniform manner used within. Further work will address application of these 

materials in the water-gas shift, low-temperature low-pressure Fischer-Tropsch, and 

carbon monoxide oxidation reaction. 
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CHAPTER 4.   

Conductivity tuning of the ITO sol-gel materials by adjusting the tin 

oxide concentration, morphology and the crystalline size 

 Introduction: 

The following chapter is a previously published work,1 reproduced here under the 

author’s copyright.    

Transparent conducting oxides (TCO) have been received significant attention for their 

utility in a wide variety of devices, such as solar cells, light emitting diodes, flat panel 

displays, optoelectronic devices, and photovoltaics.2-6 Indium tin oxide (ITO) is the most 

widely used TCO with remarkable conductivity and optical transparency in the visible 

range as well as high reflectivity in the near-IR region. ITO is typically deposited on 

glass substrates as a thin film where it has been widely used in applications such as liquid 

crystal displays and photovoltaic cells. Recently focus has moved toward ITO-3D 

assemblies for certain applications,7-12 among which those with a mesoporous 

architecture are of great interest11, 13-17 due to their high specific surface areas and 

porosities which expand their utility in devices such as gas sensors in which the electrons 

are delivered into the pores, then selectively to the gas molecules. Additionally, they have 

applications in electro-catalysis in which their high specific surface area plays a 

significant role in the activity of the materials. 
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ITO nanomaterials have been synthesized with different techniques such as colloidal, 

hydrothermal,8 sol-gel,18-19 and co-precipitation methods20-21 Sol-gel processing is a 

widely used technique to synthesize mesoporous frameworks of metal oxide 

nanocrystals.13, 18 The variety of synthetic conditions available provides a simple toolbox 

to alter and control the particle size, porosity, and morphology exhibited by the final 

material. Moreover, this technique possesses capability of generating high specific 

surface area materials without using expensive precursors and equipment. Generally, in 

sol-gel processing mesoporosity can be induced to the metal oxides by utilization of soft 

templates such as surfactants13 and block-copolymers18 or by hard templates such as 

silica spheres.22 However, template removal is often challenging and can often lead to an 

altering of the materials structure. Soft-templates are most commonly removed via 

calcination of the materials at high temperatures which simultaneously increases the 

crystallinity and crystallite size of the metal oxides particles and can result in a 

breakdown of the mesoporous structure due to sintering. Mild annealing condition results 

in leaving behind residual organic components. Silica template removal requires utilizing 

concentrated base or HF solution which adds an extra step to the synthesis process, which 

can also change the mesoporous structure due to capillary pressure when the solution is 

removed from the pores. Efforts to synthesize mesoporous ITO materials via a template 

free approach have been very limited and include utilizing organometallic precursors 

such as metal alkoxides which are not always commercially available. There are not 

many reports on the formation of pure mesoporous ITO14, 23 The limited scope of these 

reports indicates that the synthesis of a template-free three-dimensional ITO material is 
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still challenging and this report seeks to further elucidate methods which can be used to 

enhance and tune the conductivity to this class of materials.  

Aerogels are a unique class of materials, with mesoporous architectures that are 

composed of interconnected nanoparticles to form a highly porous, high specific surface 

area, and low density structures. These monolithic structures are synthesized via sol-gel 

chemistry using simple precursors which undergo hydrolysis and condensation reactions 

to form an alcogel. The aerogel is formed via supercritical solvent extraction that ensures 

the initial properties of the gels such as specific surface area, porosity and the 

microstructure remain intact in aerogels.    

The epoxide-initiated technique developed by Gash et al.24 was used in our laboratory 

to synthesize unsupported 3-D monolithic ITO aerogels for the first time.25 In this 

method, an epoxide acts as a base and initiates a polymerization process via 

olation/oxolation reactions by deprotonation of the acidic hydrated metal ions which 

crosslink together to form a three-dimensional network of metal oxide and metal 

hydroxide species. The epoxide-addition method utilizes simple metal salts, mainly 

halides and nitrates and eliminates the need to use expensive and air sensitive metal 

alkoxides. This technique facilitates altering the physical properties such as morphology, 

specific surface area, and mechanical strength by using simple synthetic parameters such 

as solvent, metal counter ion, and the choice of epoxide.26-30 The morphological features 

and meso-porosity are preserved upon controlled calcining of the as-prepared aerogels. 

This method is a useful approach for the synthesis of mixed metal oxide composites.  

To our knowledge there hasn’t been a detailed study on the effect of altering the 

morphology, particle size, and specific surface area of mesoporous ITO nanomaterials. 
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With respect to the observed conductivities, we believe the epoxide addition method is a 

practical tool which allows the conductivity of these nanomaterials to be modified by 

changing the microstructure of the aerogels.   

Although the conductivity can be tailored in many ways such as modifying the 

synthesis parameters and annealing temperature, in the present work, we utilized the 

epoxide-initiated approach to synthesize mesoporous ITO aerogels with various Sn 

concentrations. Sn content has been known to exhibit a strong effect on the electrical 

conductivity of ITO materials.12, 31 We have shown that only by changing this factor and 

not any other synthetic parameter in the sol-gel materials, the morphological features, 

specific surface area, porosity, and crystallite size of the nanomaterials are controlled. 

Therefore, the electrical conductivity is modified as a direct consequence of the materials 

composition and structure. 

 Experimental Method: 

4.2.1. Materials: 

InCl3.4H2O (Strem Chemicals), SnCl4.5H2O (Alfa Aesar) and glycidol (Acros) were all 

used as received. Ethanol was from Fischer Scientific. ITO gels were prepared as 

reported previously.25 All syntheses were carried out under ambient conditions. 

4.2.2. Synthesis of the ITO series: 

In a typical synthesis InCl3.4H2O (1 mmol, 0.294 g) was dissolved in 0.5 ml of 

deionized (DI) water and various amounts of SnCl4.5H2O were added to the solution. The 

Sn concentration in ITO was adjusted by the amount of SnCl4.5H2O in the solutions. 
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Table 4.1 Number of moles of the starting materials and volume of the solvent. 

Sample InCl3.4H2O 

(mmol) 

SnCl4.5H2O 

(mmol) 

EtOH (ml) Glycidol(mmol) 

ITO7 1 0.07 8 10.7 

ITO10 1 0.11 8 11.1 

ITO12 1 0.14 8 11.4 

ITO17 1 0.19 8 11.8 

ITO25 1 0.32 8 13.2 

  

After adding 8 mL ethanol and epoxide, the solutions were stirred for 10 s and set aside 

undisturbed to gel. The ratio of epoxide to the total metal concentration was kept constant 

for the gels at approximately 10:1. All solutions were uncolored prior to the addition of 

glycidol. The gelation reaction starts within 20 minutes of adding the epoxide which was 

indicated by the solution becoming an opaque white color. They became robust after 

several hours depending on the Sn concentration. The gels were aged for 2 days in closed 

vials to improve the robustness of the monoliths. They were then washed in the acetone 

baths over 3 days and acetone was exchanged daily. The wet gels were then transferred to 

SPI-DRY super critical dryers to exchange the solvent with the liquid CO2. After CO2 

exchanged for 4 days at 10°C, the temperature of the extractor was ramped up to 38°C 

and pressure 1100 psi and vented slowly to the ambient pressure.  
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 The as-prepared aerogels were annealed under static air at 600°C with a ramp rate of 

1°C min-1 and maintained at 600°C for 2 hours before returning them to room temperature 

at a rate of 2°C min-1. 

For preparation of a pellet with a thickness of 2 mm, ITO powders were poured in a mold 

(2cm × 2cm × 1cm) and compacted using a Carver pressing machine under 35 MPa.   

4.2.3. Physical Characterization: 

Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku Ultima III 

diffractometer using Cu Kα radiation as x-ray source. The specimens were analyzed 

under the following condition: parallel-beam geometry using the step width of 0.03° and 

a count time of 1s; divergence, scattering and receiving slits were set at 1 mm. The 

generated diffraction patterns were compared and matched to the phases in the 

International Center for Diffraction Data (ICDD) powder diffraction file (PDF) database. 

The specific surface area was determined from N2 adsorption/desorption data collected at 

77K on a NOVA 4200e model surface area/pore size analyzer (Quantachrome Instrument 

Corp.). Seven data points were selected in the relative pressure region of 0.05 – 0.3 P/P0. 

The aerogel specimens were degassed at 80°C for 20 h. The morphology of the gel was 

studied by scanning electron microscopy (SEM) using a Hitachi S-4300 scanning 

electron microscope operating at 3 kV accelerating voltage. Aerogel powders were gently 

applied onto a carbon adhesive tape which had been previously affixed to an aluminum 

stub. The elemental analysis was performed using an energy dispersive X-ray 

spectroscopy (EDS) connected to the SEM instrument. The electrical conductivity was 

measured using the four-probe method at room temperature.32 
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 Result and Discussion:  

4.3.1. Gel Formation Study:  

The ITO aerogel reported previously in our group only consisted of a nominal 1:1 mol 

ratio of In:Sn (with 51% nominal wt.% of Sn precursor).25 However; the maximum 

conductance was far below some reported values of ITO materials. One reason for low 

conductivity is the presence of SnO2 phase in the material which increases the grain 

boundaries and acts as a defect to trap the electrons. Hence, the optimal amount of doped 

Sn in the In2O3 is crucial for maximum conductivity.   

To explore the impact of Sn content in the conductivity of the mesoporous ITO 

materials prepared via epoxide-addition method, the Sn composition was tailored by 

changing the amount of SnCl4.5H2O in the solutions. The aerogels were prepared with 

various Sn contents in the network ranging from 7% to 25%. Different batches with 7, 10, 

12, 17 and 25 nominal wt.% of Sn metal precursors were prepared. In this report, the 

materials are referred as ITO7, ITO10, ITO12, ITO17 and ITO25 corresponding to the 

various Sn% present in each specimen. As the reaction proceeded, robust ITO25 and 

ITO17 gels were formed after 2-3 hours. The gelation time becomes longer as the Sn 

concentration decreases in the network, with the ITO7 sample taking 24 hours to form a 

robust gel. The gelation was judged to be complete when the reaction vial was tilted 

without causing a visible disturbance in the meniscus. Super critical drying of the gels 

produced white fluffy, soft materials. The fact that these monoliths exhibited a different 

color compared to the previously reported transparent aerogel25 is indicative of the impact 

of the Sn content in the gel network resulting in various morphologies, internal pore 

structures or particle sizes.  
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The robustness and mechanical strength of these gels were enhanced by increasing the 

Sn content. In fact, attempts to synthesis pure In2O3 gels using the same reactions 

conditions as the ITO materials failed to yield robust gels thus the corresponding aerogel 

could not be formed. This is likely due to the higher acidity of Sn4+ compared to In3+. The 

higher charge density of the Sn4+ allows for more complete hydrolysis and condensation 

reactions to take place which leads to the formation of more robust gels. 

In general, metal ions with lower oxidation state form more fragile gels with 

incomplete 3-D network relative to the higher oxidation state metal precursors.26, 30, 33 

The physisorption analysis was performed on the as-prepared and corresponding 

annealed specimens to determine the BET specific surface area (Table 4.2). The as-

prepared materials possess high specific surface areas in which a decreasing trend was 

observed upon increasing the Sn concentrations. This explains the reason for observing 

less mechanical strength of the as-prepared gels with lower amount of doped-Sn in the 

network. High quantity of Sn salt in ITO25 and ITO17 precursor solutions led the 

reaction to take place faster and resulted in formation of robust gels which exhibited high 

mechanical strength and densely packed particle morphology. As the Sn content 

decreases in the ITO precursor solutions, lower gelation rates were observed and resulted 

in more fragile gels with web-like morphologies and high specific surface areas.  

A reduction in the specific surface area of the annealed specimens was observed which 

is attributed to the sintering and agglomeration of the particles as well as coarsening of 

the surface thorough the annealing process. Similar to the as-prepared samples, lower 

dopant concentration led to greater specific surface area (smaller particles). 
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4.3.2. Phase Analysis: 

The X-ray diffraction patterns of the as-prepared aerogels indicated they were highly 

amorphous without any observed crystalline peaks. However, all samples showed a 

highly crystalline phase upon annealing at 600°C with all reflections resulting from cubic 

In2O3 (PDF# 97-005-0846) as shown in Figure 4.1 in the previous report, an additional 

SnO2 phase was present in the annealed ITO. Which was due to the excessive amount of 

Sn precursor used which resulted in excess Sn in the materials which could not be 

incorporated in to the In2O3 lattice and thus produced discreet SnO2 particles with the 

materials. Here we were able to decrease the amount of the extra crystalline SnO2 phase 

by reducing the Sn content in the specimens. The PXRD pattern of ITO25 exhibited a 

drastic decrease in the intensity of SnO2 peak compared to the earlier report.25 However, 

two extremely broad peaks at 2Ɵ ≈ 27.5° and 33.5° indicated the presence of very small 

amount of a crystalline SnO2 phase in the 3D network. PXRD patterns of other samples 

with less than 25% Sn in the mixtures displayed no detectable peaks for SnO or SnO2. 

The absence of these two peaks in the PXRD patterns of the other specimens illustrated a 

complete doping of Sn4+ ions in the In2O3 lattice following by formation of solid 

solutions rather than a mixture of indium oxide and tin oxide phases. The average 

crystalline sizes of the annealed aerogels determined using Scherrer equation as indexed 

for the (222) reflection are listed in Table 4.2. An increase in the crystallite sizes of the 

materials was observed by introducing higher amount of Sn into the network. This result 

demonstrates the tendency of the amorphous phases to form aggregated particles with 

larger sizes upon annealing in the presence of Sn4+. Moreover, this observed trend in the 

particle sizes is in consistent with the observed difference in the robustness of the as-
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prepared gels. As the Sn precursor content increases, bigger sol particles form due to 

higher acidity of small Sn+4 ions and better hydration in the solvent. The particle growth 

and agglomeration in the reaction mixtures result in superior interconnection of the sol 

particles.34  

 

2θ 

Figure 4.1 Powder X-ray diffraction patterns of the annealed ITO materials at 600°C. 

To our knowledge, the control of the particle size of the mesoporous ITO materials 

over a wide range is still challenging. We were able to synthesize mesoporous ITO with 

various particle sizes by doping different amount of Sn4+ into the In2O3 matrix. In 

addition, the intensity of the peaks increases as a result of higher Sn contents in the 
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specimens which also indicates doping higher percentage of Sn4+ into the In3O3 lattice 

increases results in an overall increase in crystallite size. 

Table 4.2 Specific surface area and crystalline size of ITO materials 

  

4.3.3. Morphology Study: 

Examination of the as-prepared and annealed ITO17 structures by scanning electron 

microscopy (SEM) demonstrated that the porous network structure of the material is 

retained after annealing the sample at 600°C (Figure 4.2). The as-prepared sample 

possesses a fine fluffy homogenous microstructure with open pores. The amorphous 

nature of the as-prepared aerogels was confirmed by PXRD.  

However, a coarsening of the morphology was observed upon annealing the materials 

at 600°C. This densification is a reason for the decrease in the specific surface area of the 

annealed specimens compared to the as-prepared aerogels. 

Sample Surface area 

of the as-prep 

ITO (m2g-1) 

Specific 

surface area of 

the annealed ITO 

(m2g-1) 

Particle 

size (nm) 

SnO2 wt.% by 

EDS on SEM 

ITO7 313 62 19 5 

ITO10 292 53 21 8 

ITO12 257 46 30 11 

ITO17 231 39 36 17 

ITO25 210 34 41 22 
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Figure 4.2 SEM images of (A) as-prepared ITO17 (B) annealed ITO17. 

Furthermore, SEM of the annealed samples revealed that the microstructure of the 

aerogels reported here depends on the Sn contents in the gel networks (Figure 4.3). ITO7 

and ITO10 consist of sponge-like microstructures possessing a continuous 

interconnected network of nanoparticles. However, the specimens with higher amount of 

Sn are made up of spherical particles with similar sizes. The size of the nanospheres 

increases in the order of ITO12 < ITO17 < ITO25. In the case of ITO17 and ITO25, the 

morphology comprised homogenous and well packed spheres. Increasing the dopant 

concentration in the precursor solutions resulted in shifting the morphology of the 

annealed samples from a fluffy to spherical microstructure (see additional SEM images in 

Appendix). The observed difference in the mechanical strength of the ITO aerogels 

during the synthesis process is attributed to the change of microstructures. ITO7 and 

ITO10 appear much less dense with more open pores and cavities compared to compact 

morphology of ITO17 and ITO25. These incomplete networks in the case of ITO7 and 

ITO10 explain the reason for the formation of the most fragile gels among all ITO 

samples. Moreover, the particle size trend observed for different ITO samples on the 
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SEM images is in agreement with the crystallite sizes measured by PXRD. The energy 

dispersive X-ray spectroscopy (EDS) revealed that the value of Sn wt. % of all ITO 

specimens is retained, in good agreement with the initial Sn concentrations in the 

precursor solutions (Table 4.2). 

 

Figure 4.3 SEM images of the annealed (A) ITO7 (B) ITO10 (C) ITO12 (D) ITO25. 

The presence of Sn confirmed by the EDS measurement as well as the absence of any 

detectable separate SnO or SnO2 peaks are an indication of the effectiveness of the Sn 

doping in the In2O3 lattice (EDS spectra of ITO17 in Figure A 13) 



Texas Tech University, Roya Baghi, May 2017 

 

99 

 

4.3.4. Conductivity Study: 

The electrical conductivity tests were performed using a four-point probe method at room 

temperature the ITO samples were compressed into in pellets prior to analysis. The 

results obtained from these studies are summarized in Figure 4.4. 

 

Figure 4.4 Conductivity of the mesoporous ITO materials annealed at 600°C. The 

error bars correspond to the range of values. 

In this work, the maximum conductivity of the ITO materials synthesized is ≈ 900 times 

higher than the previous mesoporous ITO materials prepared via sol-gel technique by 

Nazar et al.13. Also, all ITO samples exhibited remarkably greater conductance values 

compared to the one reported before in our group with 50% Sn4+ in the matrix (1.9 × 10-2 

S.cm-1). This is attributed to the absence of the excess crystalline SnO2 phase which 

didn’t contribute in the electrical conduction. The specific conductivity of the materials 

enhanced nonlinearly by increasing the Sn concentrations reaching to a maximum at 

17%. Increasing the Sn doping provides free electron carriers which are responsible for 

the conducting property. Moreover, the higher Sn content increases the crystallite size as 
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was also observed in SEM images and PXRD results.  Larger particles contain fewer 

number of grain boundaries which behave as barriers against the electron moving and are 

responsible for the charge scattering in the materials. Hence; a lower resistivity was 

obtained for the materials with larger particle sizes. Furthermore, the void spaces in the 

fluffy morphologies of ITO7 and ITO10 act as electron traps and defects in the 

structures, therefore, higher resistivity compared to dense ITO17 morphology. However; 

beyond 17% of Sn, a drop in the ITO25 conductivity was obtained which is related to the 

formation of tin-oxygen associates that were revealed to be present in trace quantities as 

crystalline SnO2 phase in the PXRD pattern of the ITO25. Although this specimen 

possesses higher Sn4+ in the microstructure compared to the other ITO samples, however; 

the presence of excess SnO2 in the ITO25 acts as impurity in the material and reduces the 

electrical conductivity. These results verify that dopant percentage, crystallite size, and 

the morphology of these mesoporous ITO materials have significant impact in the 

conductivity properties exhibited. Overall, the SEM, PXRD and physisorption data 

demonstrated strong evidence consistent with the observed conductance values. 

4.3.5. Conclusion: 

This report described the facile synthesis of a series of monolithic unsupported ITO sol-

gel nanomaterials using an epoxide-addition approach to investigate the impact of dopant 

concentration in the conductance properties of these mesoporous ITO materials. Five 

different ITO gels were prepared with various Sn compositions (7-25%). The specific 

surface areas of both as-prepared and annealed aerogels decrease as the dopant 

concentration increases. The as-prepared aerogels were highly amorphous which upon 

annealing at 600°C converted to a highly crystalline phase. The particle size increased 
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from ITO7 to ITO25. Moreover, ITO25 was the only specimen which contained a 

separate SnO2 phase. However, this phase wasn’t observed in the PXRD pattern of the 

rest of the specimens. This result confirms the fine dispersion of Sn4+ in the In2O3 lattice 

and the absence of phase separation. Scanning electron microscopy of the as-prepared 

and annealed aerogels showed as the Sn concentration was increased the morphology 

changes from a fluffy web like structure to a more defined spherical, bead-like 

architecture. Additionally, the particle size increases with higher Sn content in the 

materials which is in agreement with the crystalline sizes calculated by the Scherrer 

equation from ) 222( diffraction peak on the ITO PXRD patterns. The change in electrical 

conductivity of the ITO aerogels correlated well with changes in the microstructure and 

the carrier concentration in the In2O3 lattice. Of all the samples tested ITO17 showed the 

greatest conductivity which correlates to the higher dopant concentration in the matrix 

compared to the samples with lower Sn content. On the other hand, although ITO25 

possesses more Sn4+ in the microstructure, the conductivity was lower than ITO17 which 

is attributed to the presence of trace amount of SnO or SnO2 as was observed on its 

PXRD pattern. Overall, we were able to produce mesoporous ITO aerogels with 

enhanced conductivity by several orders of magnitude compared to the other reports for 

these mesoporous materials by tuning the dopant percentage and adjusting the 

morphology. 
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Figure A 1 As prepared cobalt ferrite aerogel porosimetry isotherm 
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Figure A 2 As prepared nickel ferrite aerogel porosimetry isotherm 
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Figure A 3 As prepared copper ferrite aerogel porosimetry isotherm 
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Figure A 4 As prepared zinc ferrite aerogel porosimetry isotherm 
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Aerogel 
 

BET S.A. (m2/g) 
 

Pore volume (cm3/g) 
 

Pore radius (nm) 

 

Fe2CuO4 
 

15 

 

0.02 
 

1.8 

Table A 1 Porosimetry result the copper ferrite annealed at 700 °C 
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Figure A 5 After annealing at 350°C, copper ferrite aerogels do not show significant 

copper ferrite reflections and are essentially amorphous. Crystalline peaks match to 

CuO and Cu2Cl(OH)3: starting materials. 
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Figure A 6 After annealing at 700°C, copper ferrite particles grow (Ostwald 

ripening) to an average of 70 nm on a bimodal distribution with modes at 50 and 

170 nm. 
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Figure A 7 Thermal gravimetric analysis of each of the ferrites in the series. A: 

CoFe2O4; B: NiFe2O4; C: CuFe2O4; D: ZnFe2O4. 
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ITO7 

 

Figure A 8 High magnification SEM images of ITO7 
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ITO10 

 

Figure A 9 High magnification SEM images of ITO10 
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ITO12 

 

Figure A 10 High magnification SEM images of ITO12 
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ITO17 

 

Figure A 11 High magnification SEM images of ITO17 
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ITO25 

 

Figure A 12 High magnification SEM images of ITO25 

12 k 

20 k 



Texas Tech University, Roya Baghi, May 2017 

 

121 

 

 

 

Figure A 13 Energy dispersive X-ray spectroscopy (EDS) of ITO17. 

 

 

 

 

 

 

 

 

 

 


