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ABSTRACT 

This study describes a new sol-gel synthesis method to produce nano-

structured, porous metal oxides. The purpose of this hybrid method is to reduce the 

total production time needed for most sol-gel syntheses. A typical sol-gel synthesis 

requires fours steps: selection of precursor solution, formation of sol-gel, aging of sol-

gel, and drying of the sol-gel network. The last two processing steps are time-

consuming and can take up to two week to complete. The new sol-gel method 

combines the epoxide addition method and the sacrificial template method. The 

epoxide addition method consists of adding an epoxide to a metal salt precursor 

solution to produce a sol-gel. The sacrificial template method consists of impregnating 

a template with a precursor solution to form a paste, and then annealing the paste to 

remove the template. The combination method places a sacrificial template inside of a 

metal salt precursor solution and an epoxide is added to form a sol-gel. All undesired 

products, hydrocarbons and template, are removed in one simple annealing step. The 

total process time is reduced from 1-2 weeks to 1 day. 

 It was discovered that nano-structured, high surface area metal oxides could 

be successfully produced. The addition of the template to the sol-gel increased the 

stability and strength, or robustness, of the final product.  The solubility of the 

sacrificial template in the metal salt precursor solution and the dwell time of the 

annealing heat cycle were key factors that ensured the success of the hybrid method. 

The hybrid method provides a shorter process time period relative to most sol-gel 

synthesis processes. 
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CHAPTER I 

INTRODUCTION  

A sol-gel synthesis can be defined as a wet-chemical technique used to 

fabricate metal oxides, nitrides, and sulfides. The synthesis process uses a metal 

alkoxide precursor that is hydrolyzed and condensed to create a polymeric network in 

the form of a gel. The polymeric network is then processed by drying the gel to 

remove all solvents and reveal a final wanted product. The final drying step 

determines the form of the final product. When supercritical drying is used to dry the 

wet, an aerogel is produced, and when ambient drying is use to dry the wet gel a 

xerogel is produced. Aerogels can be produced in forms of monoliths and thin films, 

and xerogel can be produced in the form of a powder.  It is common for sol-gel 

synthesis processes to take 1-2 weeks. The aim of study is to fabricate a time-efficient 

sol-gel synthesis process that only takes 1-2 days to produce nano-structured, porous 

metal oxide xerogels. The desired final products are xerogels that have high surface 

areas, and are free from impurities so that the xerogels can be placed towards the 

application of catalysis. 

1.1 History 

A colloid isa substance of particles that is dispersed evenly throughout another 

substance. The size of the dispersed particles is larger than the particles of the medium 

but, they are not visible to the naked eye.  The earliest use of colloids can be traced 

back 17,000 years in France. The cave paintings at Lascaux display the use of 

pigments based on mixtures of iron oxide and carbon dispersed in a mixture of water, 

using natural oils as surface active stabilizers. Biblical references have also described 
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the production of bricks and the use of bitumen, a mixture of organic liquids, to build 

the tower of Babel. These two examples display the beginning stages of sol-gel ideas 

and how some form of a colloidal material was placed in suspension to be processed 

by molding, drying, or firing, and then placed toward some application. 

Around 4000 BC, the Egyptians mastered the production of faience, a non-

clay-based ceramic. An aqueous paste made of crushed sand, and sodium salt flux, 

plus binder, was molded and fired. Copper salts were added to the paste during firing 

to cause the mobile salts to migrate to the surface. In essence, vitrification occurred at 

the surface to form translucent blue and green glazes. Another early example took 

place around 2000 BC in China. The Chinese used high calcium content silicate glazes 

fired at high temperatures to seal porous clay vessels.
1
 Between 200 BC and 400 AD, 

Romans used the concept of using chemically linked particles for a composite of other 

materials to develop concrete. The purpose of reviewing all of the previously listed 

examples is to display the origins of sol-gel processing.
2
  

Sols and gels are forms of matter that naturally exist and can be found in 

various materials such as pigment, clays, blood, milk, and eye vitrea. Sol-gels have 

been an area of scientific interest for a long time and can be defined as the following:
 3
 

A sol is a stable source version of colloidal solid particles within the liquid. 

 

A gel is a porous three-dimensionally interconnected solid network that 

expands in a stable fashion throughout a liquid medium and is only limited by 

the size of the container. 

 

The first sols were made with gold in 1853 by Faraday and those sols still 

display stability even today. The first gels, aside from silica gels that naturally exist, 
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were produced by Ebelmen in 1846. He found that a compound of SiCl4 and alcohol 

gelled on exposure to the atmosphere. Ebelmen was followed by Cossa, who produced 

alumina gels in 1870. In 1861, Graham founded colloidal science and showed that 

water in silica gels could be exchanged with organic solvents. This discovery 

supported the theory that the gel consisted of a solid network with continuous 

porosity. Other theories argued that a gel was just a coagulated sol surrounded by 

water. Since the foundation of colloidal science, the development of sols and gels has 

expanded into other areas of interest such as the field of catalysts, due to their high 

surface areas, and the field of high technology ceramics. 
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1.2 Sol-Gel Technology 

1.2.1 Sol- Gel Processing 

Sol-gel synthesis has many variations that introduce a broad spectrum of 

procedures. Each procedure depends upon the desired final product. Products include a 

wide range of materials such as powders, thin films, and fibers. Figure 1.1 shows 

multiple synthesis paths that lead to different final products.
3
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Simplified chart of different sol-gel processes.  
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The initial step of any sol-gel process is the selection of precursors to produce 

the wanted final material. The chemistry of the precursor itself determines the type of 

reaction that will produce the gel. Different combinations of precursors call for 

specialized procedures and hence produced different products, therefore gels are 

synthesized by a variety of sol-gel methods. 

1.2.2 Alkoxide Method 

Many gels are generated from the hydrolysis and condensation of alkoxides. 

The most common precursor used for the alkoxide synthesis method is an alkoxide of 

silicon, tetraethoxysilane (TEOS).
3 

Metal oxides react readily with water during the 

hydrolysis reaction. In this initial step, there is a proton transfer from the water to the 

alkoxyl group to produce an alcohol, and the remaining hydroxyl group attaches to the 

metal atom. Figure 1.2 displays this reaction. 
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Figure 1.2 Reactions of the metal alkoxide precursors.
2
 

 

The hydrolysis reaction is catalyzed by the addition of an acid or base. The 

extent of reaction of the hydrolysis reaction depends on the amount of water and 

catalyst present—in other words it depends on the pH of the solution.
 4 

The rate of 
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hydrolysis affects properties of the final product. Slower and more controlled 

hydrolysis produces smaller particle size. The rate of hydrolysis and condensation 

depends on the electronegativity of the reagents, or metal precursors. Metals with 

higher electronegativity go through hydrolysis slower than metals with lower 

electronegativity; therefore gels made from metals with higher electronegativity take 

more time to form.  For instance, the hydrolysis rate of Ti(OEt)4 is greater than 

Si(OEt)4, therefore the gelation times of silicon alkoxides takes hours whereas the 

gelation times of titanium alkoxides takes seconds or minutes.
5,6 

Hydrolysis may go to 

completion or can stop, leaving the metal partially hydrolyzed. During condensation, 

there is essentially a loss of water or alcohol and two partially hydrolyzed molecules 

of the metal can link together. This process continues for all partially hydrolyzed 

metal atoms to build larger molecules by a polymerization process. The pH also 

affects the final structure of the polymer produced. Acid catalysts produce polymers 

with long chains and little branching while base catalysts produce polymers with 

highly branched chains.
 2

 

There are several ways to produce gels without using pure alkoxides. Some 

metal oxides and hydroxides can be dissolved in alcohol to form a partial alkoxide 

solution to be used in the same manner as a pure alkoxide. Boric acid can be dissolved 

in methanol to produce trimethylborate and phosphoric acid can be dissolved in 

alcohol to react with silicone alkoxides to form phosphorosiloxane intermediates. 

1.2.3 Epoxide Addition Method 

Epoxides are cyclic ethers which have three atoms forming a ring, and can 

sometimes be referred to as oxiranes or alkene oxides. Some examples of epoxides are 
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shown in Figure 1.3.
8
 Although there are many sol-gel methods, all processes consists 

of four main steps: selection of precursor solution, formation of sol-gel, aging of sol-

gel, and drying of the sol-gel network. The epoxide addition method mastered by Gash
 

7
 follows these for general steps and differs from your alkoxide method by the 

selection of precursors. The epoxide addition method uses hydrated, inorganic metal 

salts as a precursor to initiate the sol-gel polymerization reaction. This reaction is 

driven by the addition of an epoxide as a gelation agent.  

 

 

Figure 1.3 Epoxide examples
  

The mechanism of epoxide addition to the hydrated metal salt is a simple SN2-

reaction formation of alcohols from halides:
 8 

 

Figure 1.4 Ring-opening of an epoxide by a nucleophile. 
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Initially, the dissolved metal salt acts as an acid and donates a proton to the 

epoxide while accepting an electron pair from a water lone pair—since it is in an 

aqueous solution. The deprotonated dissolved metal salt possesses both hydroxyl 

groups and water groups and can be referred to as an aquo-hydroxo species.
3 

The 

remaining nucleophile activates the ring-opening mechanism. Epoxides can be opened 

by a number of nucleophiles, Cl
-
, NO3

-
, OH

-
, H

-
, and, R

-
, which expand the range of 

metal salts that can be used as precursors. The epoxide acts as a proton scavenger to 

make the metal species undergo hydrolysis and condensation resulting in a metal 

oxide sol with substituted alcohol species forming as a side product of the ring 

opening reaction. Figure 1.5 displays the overall reaction described.
9 

 

Figure 1.5 Epoxide addition method reaction. 

 

During condensation, two aquo-hydroxo species join and form water as a 

byproduct; similar to the two partially hydrolyzed molecules that join in the alkoxide 

reaction.
3 

This reaction continues to link each species and forms a polymeric gel 

network. There are two reactions that can occur during condensation to cause 

polymerization, and these reactions can be represented by reaction (2b) and (2c) of 

Figure 1.2 (page 5). 
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1.2.4 Aerogels & Xerogels 

1.2.4.1 Aging 

When a polymeric network is formed, whether by the alkoxide method or the 

epoxide addition method, a gel is referred to as alcogel when the pores are filled with 

an alcoholic solvent or an aquagel when the pores are filled with water as a solvent.
10 

The next step to continue processing the gel is aging of the gel network. Aging the gel 

allows the cross-linking and condensation reaction to continue after the gel appears to 

be formed. The main goal of aging is to reach the "gel point."  The gel point is defined 

as the time (or degree of reaction) at which the last bond is formed to complete a giant 

molecule, or when the last link is formed in a chain of bonds that make up a spanning 

cluster.
 
Aging can be broken down into three categories: polymerization, coarsening, 

and phase transition. Polymerization refers to the increase in connectivity and the 

network. Coarsening refers to the dissolution and re-precipitation of particles. A phase 

transformation is a change in the physical feature of a system from one state of matter 

to another. For example, melting ice is a phase transformation from solid to liquid. 

Phase transformations such as microsyneresis also occur during aging. An example of 

microsyneresis is shown in Figure 1.6 where polymer networks draw together.
11 

All of 

these factors of aging contribute to the overall stability of the alcogel or aquagel. 
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Figure 1.6 Schematic of microsyneresis: (a) uniform network of polymers in a solvent, 

(b) a phase separated network with polymers drawn together. 

 

Washing typically occurs while aging. In order to successfully move to the 

next sol-gel processing step of drying, by-products—water and alcohol, produced 

during the gelation process must be replaced with acetone. This can be accomplished 

by washing the gel multiple times with acetone. 

1.2.4.2 Drying 

The final step of the sol-gel process is drying, and it is at this point where the 

production of aerogels and xerogels diverge. Drying removes the solvent that remains 

in the pores of alcogel or aquagel. Ambient drying is the evaporation of the solvent 

from the wet gel at room temperature and pressure. 

Supercritical drying removes all acetone accumulated within the pores of the 

gel with liquid CO2. The solvent exchange takes place until the acetone has been 

completely removed; the liquid CO2 is then heated above its critical point, the point at 

which the liquid and vapor of CO2 have the same density. The critical temperature and 
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pressure for CO2 is 31°C and 1072 psi. There is no liquid-vapor interface at the critical 

point, therefore damage caused by capillary stress is eliminated, there is less shrinkage 

of the gel, and the pore structure remains intact. Ambient drying and supercritical 

drying produce xerogels and aerogels, respectively. Xerogels usually display lower 

surface areas. Porosity decreases during ambient drying but is not completely 

sacrificed.
12

 Ambient drying is cheaper and less time-consuming than supercritical 

drying.  

1.2.5 Sacrificial Templating 

A recent development in sol-gel processing is sacrificial templating. Sacrificial 

templating revolves around the concept of impregnating porous soluble supports with 

metal ions and removing those supports through thermal degradation. This idea can be 

considered as an additional step to sol-gel process. Sea urchins, pumice, 

polyethyleneime (PEI), cellulose, and dextran are all examples of sacrificial 

templates.
13-15 

The entrapped organic species also allows for the creation of pores with 

controlled size and shape. The obvious disadvantage of sacrificial templating is that 

annealing the wet gel will also degrade the metal oxide structure itself and 

compromise the surface area, as in ambient drying. But the degradation can be 

compensated for by an increase in aging time.
11 

The framework of the template itself 

may contribute to the overall robustness of the final product as well as eliminate the 

use of washing, since alcohol and water can be removed along with the template 

during annealing. T sacrificial template method produces a xerogel and can be seen as 

advantageous because it is less costly and time-consuming than the washing and 

supercritical drying steps involved in producing an aerogel.  



Texas Tech University, Victoria Smith, August 2011 

13 

1.2.6 Advantages & Limitations of Sol-Gel Processing 

There are a plethora of reasons that sol-gel processing gains much interest and 

value. Precursors, metal alkoxides and metal salts, are easily purified. The colloid 

states occur within a liquid medium and avoid contamination from air pollutants to 

add to the purification as well. The reactions needed for this process can take place at 

low temperatures versus the very high temperatures needed to synthesize ceramics. 

Pore size and mechanical strength can be controlled by aging and drying techniques. 

Also highly porous nanocrystalline materials may be prepared with this process. Sol-

gel processing can also be scaled up to accommodate industrial production.
13 

There are also some limitations associated with the sol-gel process. Precursors, 

especially metal alkoxides, can be expensive and increased costs serves as the greatest 

limitation. The sol gel process is also very time-consuming. There are problems with 

gel shrinking and cracking during drying that require special attention. Limitations and 

advantages must be weighed to ensure the production of an optimal desired product. 

1.3 Methods of Characterization 

The characterization of materials serves as a foundational pillar in the realm of 

materials science. The continuous progression of materials science depends on how 

the properties of various materials can be in measured. The specific properties of each 

and every material determine its functionality and how it can be applied to specific 

applications. Sol-gel can be made into multiple final products, as previously 

mentioned in Section 1.2. Characterization techniques that are used for a specific 

material is highly dependent on the material itself. Powders, coatings, and fibers each 
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require different methods of characterization. For example, the thickness of a thin-film 

coating can be measured by grazing incidence x-ray reflectivity (GIXR), while the 

porosity of a powder can be measured by gas adsorption/desorption.
6
 Characterization 

methods are essential tools for characterization and categorization of sol-gels and 

other materials. 

1.3.1 Gas adsorption/ desorption 

 Gas adsorption and desorption is a common technique for determining 

the porosity of samples. The initial step to this process is to degas the sample. The 

degassing pretreatment step removes any species adsorbed into the sample during or 

after its synthesis. The next step is to fill the pores with an adsorbent gas. Nitrogen, 

carbon dioxide, argon, and krypton are all possible choices as an adsorbate gas. 

Nitrogen is most commonly used due to its high purity in relatively strong gas-solid 

interaction. The amount of gas adsorbed onto the sample is a function of temperature, 

pressure, and gas-solid interaction strength. During the next step, the bulb which holds 

the sample is evacuated to pre-analysis vacuum levels. Then the adsorbent gas fills the 

pores in incremental amounts until vapor pressure is achieved, and once vapor 

pressure is reached, the adsorbate gas is removed until the pressure returns to pre-

analysis vacuum levels. Adsorption is performed isothermally so that the volume of 

the adsorbate gas, added and removed, is proportional to the number of moles of the 

adsorbate gas through the ideal gas law.  

The Brunauer-Emmett-Teller (BET) method is used for calculating surface 

areas.
 16

 A key assumption of the BET method is that at vapor pressure, or saturation 
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pressure, an infinite number of layers can be adsorbed onto the surface. Besides the 

ideal gas law, the other governing equation is shown below. 

  
 

           
 

 

   
 

   

   
 
 

  
  

(1.1) 

The ―C‖ constant is characteristic of each solid, The quantities, relative pressure, P/P0, 

and the amount of gas being adsorbed, V, are both measured quantities leaving the 

monolayer capacity, Vm, as the only unknown. Since V and P/P0, are measureable by 

plotting 1/V[(P0/P)-1] versus P/P0, the value of Vm can be calculated using least 

squares regression. The plot gives an adsorption/desorption isotherm indicates the 

amount of gas, expressed in volume at known conditions, required to reach each 

pressure. The total surface area can then be calculated as a function of the surface area 

occupied by a molecule of the adsorbate gas, Am, the determined monolayer capacity, 

Vm, Avogadro's number, Lav, and the molar volume of the adsorbate gas, Mv. 

     
       

  
 

 (1.2) 

Although the BET method is quite accurate with a  ±5% margin of error, there 

are some limitations. If there is no truly linear region on the isotherm in lower relative 

pressure regions, then the BET equation becomes invalid. Also variability in surface 

areas obtained by the BET method is highly dependent on outgassing time and 

temperature, and the adsorbate gas.
17 
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The Barrett-Joyner-Halenda (BJH) method also uses the adsorption/desorption 

isotherm data to determine pore properties. The BJH method generally takes 

advantage of the desorption data to determine pore size and pore volume. The BET 

and BJH methods give a quantitative analysis of pore properties. 

 

1.3.2 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a common instrumental technique 

used to image materials. TEM microscopes can image nanoscale materials, a task that 

is virtually impossible for a traditional light microscope. Materials that are of smaller 

sizes than the resolution of a light microscope cannot be observed.
18 

TEM operates 

similarly to a light microscope with the exception of a different energy source. They 

both have the same series of condenser and objective lenses but the TEM uses a high 

energy electron beam instead of visible light as its energy source. TEM works by an 

electron beam being propagated through the column of the microscope, and then being 

modified by the specimen, and finally detected by a phosphor screen or a CCD camera 

to produce a high-resolution image.
19 

Beam propagation is performed under a vacuum 

to prevent interactions between pollutants in the air and the beam. The electron beam 

must be aligned throughout the microscope column by a series of lenses. TEM does 

not use optical lenses like the light microscope but instead it uses electromagnetic 

lenses to control the electron beam. The TEM allows one to observe size, shape, 

particle distribution, and even crystalline lattice. The image is essentially a horizontal 

cross-section of the sample as if to ―see through‖ the sample. 
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Figure 1.7 Hitachi 8100 TEM. 

Specimens are typically prepared by evenly distributing a very thin layer of a 

sample onto a carbon-based support grid. It is extremely important to note that 

specimen should be of minimal thickness in order for the electrons to penetrate the 

sample and depict an accurate image. If the sample thickness is not thin, then the TEM 

will image layers of the sample back on top of itself, which does not allow for an 

accurate image of individual particles. It is also important to note that electron dense 

samples have much interaction with the beam, causing the sample to absorb heat and 

to thermally degrade. Samples that possess magnetic properties may also be affected 
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by the electromagnetic lenses.  Sample preparation for powders is significantly easier 

than for a film. Powders can simply be lightly sprinkled onto the grid. There are 

slicing methods that can reduce biological samples to an appropriate size; for instance 

cutting samples with argon or gallium beams.
18, 20 

1.3.3 Scanning Electron Microscopy 

Another common instrumental technique used to characterize materials is 

scanning electron microscopy (SEM). SEM is similar to TEM with the exception that 

the high energy electron beam interacts with the surface of the sample rather than 

penetrating the sample. An SEM acts to "scan" the beam across the sample in a 

vacuum chamber. Two types of interactions occur between the electron beam and the 

sample. Elastic interactions produce backscattered electrons, and inelastic interactions 

produce secondary electrons and photon radiation. The various emissions from the 

beam-specimen interactions are monitored by respective detectors to produce an 

image. The image can be described as a nanoscale "bird’s eye" point of view of the 

sample to reveal topographical information about the surface. 

1.3.4 Powdered X-Ray Diffraction 

Powdered x-ray diffraction (XRD) is a characterization technique used to 

identify unknown materials with crystal structure. Crystals are constructed by the 

repetition of a fundamental structure referred to as a unit cell. Each unit cell contains 

one or more lattice points. Crystals are categorized by seven crystal systems: cubic, 

tetragonal, orthorhombic, rhombohedral, hexagonal, monoclinic, and triclinic. Each 

category refers to the position of the lattice point. 
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Diffraction occurs when x-rays are applied to crystals. This also holds true for 

electron rays and neutron rays, but x-rays are the most ideal for structure 

determination, since x-ray wavelengths have the same order of magnitude as typical a 

bond length.
21 

When photons of incident x-rays collide with the electrons of the atoms 

in a crystal, photons are deflected away from the incident x-ray direction. The 

wavelength of the deflected x-rays does not change but the direction of propagation is 

changed to create elastic scattering. The scattered x-rays give information to determine 

crystal structure. 

 

Figure 1.8 Schematic of x-ray diffraction 

 

Figure 1.8 displays an x-ray being diffracted by crystal structure. Figure 1.8 

shows the incident angle, θ, the interplanar spacing between atoms, d, and the 

wavelength of the incident rays, λ. The two diffracted waves in Figure 1.8 do not 

travel the same distance. The bottom wave travels farther and its additional distance is 

equal to 2dsinθ according to the geometry. Whenever the two diffracted waves 
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interfere constructively, that additional distance is equal to an integer number of 

wavelengths. This equation is known as Bragg's Law: 

          

 (1.3) 

X-ray diffraction patterns are collected by exposing sample powders to the 

beam and measuring the diffraction signal. Diffraction patterns create sharp 

interference peaks when crystal atoms are regularly arranged for long ranges. Every 

crystalline structure displays its own unique diffraction pattern; therefore diffraction 

peaks can be used to identify crystal structures. Crystals with varying composition 

result in various diffraction peaks; therefore diffraction patterns give information not 

only on crystal structure and crystal size but also on composition.  

The International Center for Diffraction Data (ICCD) has a database of known 

materials pertaining to crystal structure, diffraction peak position, and peak intensity. 

Unknown materials can be identified by comparing their diffraction patterns to the 

diffraction patterns of the ICCD database. Most of the materials produced by the sol 

gel method are polycrystalline with random crystallite orientations. It is extremely 

difficult to select a single homogeneous crystal, therefore samples must be prepared by 

sufficiently grinding materials into uniform, ground powders to include all possible 

crystallite orientations.
22 

Also, powder samples with rod- or plate-like crystals produce 

strong diffraction peaks that do not match with relative peak intensities of ICCD data, 

making them harder to identify. X-rays will not diffract off samples without a long-

range crystal structure therefore XRD does not identify amorphous samples. 
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1.3.5 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is a technique used to measure the change 

in the mass of the material as a function of temperature and time. Measurements are 

used for the determination of thermal stability and to determine material composition. 

This technique characterizes weight loss due to factors such as dehydration, 

decomposition, or oxidation.  

A typical TGA process involves a sample being heated in a pan for an 

arbitrary, predetermined heat cycle. During heating, mass loss is calculated by 

measuring the amount of current that must be supplied to balance to photodiodes 

placed on the sample and a counterbalance. Surface areas of TGA sample should be 

maximize to receive accurate weight loss resolution and temperature reproducibility, 

because heat transfer is easily accomplished on samples with high surface area.
18 

1.4 Properties & Applications 

There are a myriad of properties of nanostructured materials obtained from the 

sol-gel process that contribute to their functionality. These properties are expanded to 

the realms of optics, electronics, magnetics, mechanics, and chemistry. The depth of 

these properties must first be explored before applying those properties towards uses. 

Nanoporous metal oxides play an important role as catalyst due to their acid-

base and redox properties. The majority of metal oxide catalysts correspond to some 

transition metal that contains cations of variable oxidation state. The phenomenon 

known as redox catalysis occurs when a catalyst undergoes reduction and re-oxidation 

simultaneously. The net result of a redox reaction is the transfer of oxygen from one 
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species to another, and this reaction typically occurs on the surface of metal oxides. 

Due to their redox properties, metal oxides can act as catalyst being placed towards 

applications such as the oxidative coupling of methane, carbon monoxide oxidation, 

and ethylene-benzene oxidative dehydration.
23 

Nanoscale films display many mechanical properties such as hardness, 

toughness, and Young's modulus. These properties have been determined by 

introducing some basic effects: Hall-Petch effects, Griffith mechanisms, and grain 

boundary sliding.
24 

The previously listed properties have led to the use of sol-gels as 

protective films to prevent corrosion and abrasion of underlying materials.
24

 

Optical properties are also displayed by nanostructures. In particular, 

nanocrystalline silicon oxide and silicon impregnated with silicon or germanium and 

helium or hydrogen, respectively, exhibit photoluminescence in infrared, visible, and 

ultraviolet regions. Their special optical properties make them applicable toward 

optical fiber fabrications, photo sensors, and glass production.
25

 Other properties and 

corresponding applications include sorption properties for the application of high 

sorption, cost effective sorbent and porosity properties for the application of support 

and confinement structures.
 26 
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 CHAPTER II 

SYNTHESIS OF NICKEL OXIDE AND ZINC OXIDE BASED XEROGELS VIA 

THE EPOXIDE ADDITION AND SACRIFICIAL TEMPLATE METHOD 

2.1 Introduction 

In recent years, there have been several synthetic routes developed in order to 

prepare metal oxides. Scientist have obtained metal oxides for a variety of methods 

like sol-gel, thermal degradation, polymer-matrix assisted synthesis, spray-pyrolysis, 

and surfactant-mediated synthesis.
27-30

 The sol-gel method seems to be a popular 

synthesis route due to its cost efficiency and its ability to be performed at ambient 

conditions.
 
The sol-gel process entails adding a gelation agent to a solution to produce 

a gel. Another method growing in popularity due to its cost efficiency is sacrificial 

templating. The sacrificial template method works by impregnating with a porous 

frame support and then removing that support through thermal degradation. 

Most sol-gel processes take 1-2 weeks to perform. The purpose of 

experimentation was to use the epoxide addition in combination with the sacrificial 

templating method in order to create a sol-gel process that can be executed in 1-2 

days. The motivation to combine the two processes originates from them both being 

inexpensive and not requiring harsh conditions. The combined synthesis process began 

with the orthodox sol-gel process where the gelation agent, propylene oxide, was 

added to an ethanolic solution of NiCl2•H2O. The sacrificial template, dextran, was 

added after nearly half the gel time to prevent the template from crashing out at the 

bottom of the solution, and to ensure homogeneity. The wet gel was then annealed at 

500°C in order to burn off the dextran 
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. 

The elimination of gel washing and drying is the largest contributing factor to 

the cost and time efficiency of this hybrid method. Once the gel has been synthesized, 

the sacrificial template and all hydrocarbons are removed by annealing the gel at an 

appropriate temperature. Therefore gels do not need to be washed since all undesired 

materials are removed by the final annealing step to create a xerogel powder. It can be 

argued that supercritical drying is a better drying technique because it does less 

damage to the sample, but when using dextran, supercritical drying would not be an 

appropriate technique because it would not remove the template. Supercritical drying 

is time-consuming, being that the process can take anywhere from 1-3 days for smaller 

samples and up to a week for larger samples. Supercritical drying is also not 

completely free from criticism when concerning cracking, since the position and 

frequency of cracking is dependent upon the heating and painting rates.
31

 Lastly, the 

annealing step only accumulates costs from energy usage over shorter periods of time, 

while supercritical drying accumulates costs from both energy usage and material 

usage of CO2 over longer periods of time, therefore making it more costly. 

There are several examples of possible sacrificial template such as starch gel, 

eggshell membrane, wood cellular structure, and cellulose acetate membrane.
32-35

 The 

polysaccharide dextran was chosen as the template for several reasons. Dextran has 

high solubility in water at room temperatures, which is ideal for the solution of dextran 

in aqueous metal salt solutions. Dextran is fairly cheap and does not require stringent 

work conditions.  Dextran burns off cleanly and does not leave behind any 
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hydrocarbon residue. Finally, dextran contains aldehyde groups that can be exploited 

for in situ reduction of metal ions.
13

 

It was previously established by Gash et al. that metal oxide-based aerogels 

could be obtained from their respective metal ion salts as long as the oxidation state of 

the metal is greater than or equal to +3 (Fe
+3

, Al
+3

, In
+3

, Ga
+3

, Zr
+4

, Hf
+4

, Ta
+5

, Nb
+5

, 

and W
+6

), and that divalent metal salts (Ni
+2

, Zn
+2

, Co
+2

, Cu
+2

) could not produce gels 

but only precipitates.
7
 Late 3d transition metal ions were once thought to be weaker 

acids not strong enough to induce the ring opening reaction until this idea was 

contradicted by the production of nickel- and zinc- based aerogels.
9,36

 Nickel oxide is 

of interest due to his role as a catalyst. In particular, it is used as a catalyst in the 

reformation of methane with CO2 and the oxidation of H2S to sulfur.
37,38

 

2.1.1 Experimental Error 

In initial experimentations, the dextran added to the gelling metal salt solution 

tended to "crash out" (i.e. sink to the bottom or float to the top) and make a non-

homogeneous gel. This issue was addressed by adding the dextran 15 minutes after the 

gel began to form, which is approximately half of the total gel time, instead of at the 

beginning when mixing reagents. It was later discovered, after all experimentation and 

characterization had been completed, that the crashing out was an issue of solubility 

and the time of dextran addition. Therefore, regardless of when the dextran was added, 

it still was not properly integrated into the polymeric gel network. Preliminary 

experiments were performed to pick the best solvent for the metal salt and ethanol was 

chosen as the best solvent over methanol, isopropanol, and dimethyl sulfoxide 

(DMSO). However, the solubility of dextran was mistakenly not considered, since the 
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crashing out of dextran was inaccurately solved by adjusting its time of addition. 

Figure 2.1 shows dextran dissolved in ethanol and water. It is evident from this picture 

that the crashing out dilemma was due to the dextran being insoluble in ethanol which 

in turn also means that the dextran was just suspended in the gels, and not properly 

integrated into the metal salt solutions. 

 

 

 

 

 

 

 

 

Figure 2.1 Dextran in ethanol (left) and dextran in water (right). 

 

2.2 Experimental Procedure 

2.2.1 Synthesis of NiO- and ZnO- based Xerogels 

Two experiments were preformed; one with the molecular weight of the 

dextran as the independent variable and the other with the concentration of dextran as 

the independent variable. Nickel chloride hexahydrate, NiCl2•6H2O (Alfa Aesar; 

99.3%), Zinc nitrate hexahydrate, Zn(NO3)•6H2O (J.T. Baker; 100%),  ethanol 
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(Pharmco-Aaper; 200 proof), propylene oxide (Acros, 99.5%), and powder dextran 

(75,000 MW, 150,000 MW, 250,000 MW; Spectrum) were used as reagents. Both 

syntheses were performed under ambient conditions. 

2.2.1.1 Varying Dextran Molecular Weight 

Procedure was followed as in the text.
9,36

 In a typical synthesis, NiCl2•6H2O 

(14.8 g, 62.3 mmol) and Zn(NO3)•6H2O (19.0 g, 64.0 mmol) were dissolved in 

ethanol (100 mL), and sonicated for 30 minutes to make a grass green stock solution 

(0.623M) and a clear solution (0.64M), respectively. Subsequently, 2.6 mL of the 

nickel chloride stock solution was place in a 10 mL borosilicate shell vial, and 

propylene oxide (1.0g, 17 mmol, 1.205mL) was added; 1.4 mL of the zinc stock 

solution was placed in a 10 mL borosilicate shell vial, and propylene oxide (0.47g, 8.0 

mmol, 0.56mL) was added. The shell vials were vortexed to make a light green 

solution and a clear solution, respectively. The vials then became opaque after ~15 

minutes, which is approximately half the total gel time of 30 minutes.
9
 At this point, 

powder dextran of 75,000 MW (0.5g) was added to both vials as a batch process. The 

shell vials were then vortexed to make an even more opaque light green solution and 

opaque white solution, respectively.  The nickel solution formed a gel in 30 minutes, 

while the zinc solution formed a gel after approximately 45 minutes. This process was 

repeated without dextran to form the control, and then repeated two more times with 

the dextran of 150,000 MW and dextran of 250,000 MW. Finally, the two complete 

sets of samples were annealed at 500°C for 3 hours at a rate of 1°C/min. in a furnace. 
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2.2.1.2 Varying Dextran Concentration 

The same portion of the previously made stock solution was placed in a 10 mL 

borosilicate shell vial, and the same amount of propylene oxide was added and 

vortexed to make a light green solution. After 15 minutes, dextran was added (250,000 

MW, 0.1g). The shell vial was vortexed and sat for another 15 minutes to form a green 

gel. This process was repeated for increasingly larger concentrations of dextran (0.4g, 

0.7g, 1.0g). The complete set of samples air dried for at least 5 days. Finally, the 

complete set of samples was annealed at 500°C for 3 hours in a furnace. This exact 

same process was also performed with the zinc stock solution, with the exception that 

75,000 MW dextran was used in the same increments. Finally, the two complete sets 

of samples were annealed at 500°C for 3 hours at a rate of 1°C/min. in a furnace. 

2.2.2 Physical Characterization 

A Nova3200e model surface analyzer was used to collect physisorption 

isotherms. All samples were degassed for 12-48 hrs at 110°C before analysis. All 

isotherms were collected at least two times to ensure reproducibility. Each data point 

of the isotherm was collected using a 150-second equilibrium time interval. The 

Brunauer-Emmett-Teller (BET) method was applied to 5-6 points of the most linear 

region of the lower relative pressures of the adsorption isotherm to calculate surface 

areas. The selection of the most linear section of the isotherm indicates the assumption 

that the pores restrict the number of layer than can be adsorbed onto the surface and a  

only a finite number of layers can be adsorbed at vapor pressure. Average pore 

volumes and radii were calculated by applying the Barrett-Joyner-Halenda (BJH) 

method to the desorption portion of the isotherm. 
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A Rigaku Ultima Diffractometer was used to collect powdered X-ray 

diffraction data and identify all unknown crystal structures. A Shidmazu TGA-50   

was used for thermogravimetric analysis (TGA) to study any sample weight loss 

associated with temperature increase. The heat cycle of the final annealing step was 

used to program the TGA. 

A Hitachi-8100 transmission electron microscope (TEM) was used to 

qualitatively analyze the particle distribution and morphology. The samples were 

prepared by carefully dipping a carbon/formvar-supported copper mesh grid (Ted 

Pella Inc.) in the finest portion of the sample powder. All images were collected with 

the TEM operating at a 75kV acceleration voltage because higher voltages tended to 

degrade the sample. 

2.3 Results & Discussion 

All of the gels produced by experimentation were stable. The nickel-based gels 

were a light green opaque color and the zinc-based gels were an opaque white color.  

The nickel gels did form significantly 15-30 minutes faster than the zinc gels. The 

nickel gels formed within 30 minutes, while the zinc gels formed within 45 minutes to 

approximately 1 hour. After annealing, the gels turned into powders. The nickel-based 

powders that once contained dextran were shades of charcoal. The control gel, which 

contained no dextran, was a very deep, navy blue color that was almost 

indistinguishable from black without a careful examination. The zinc-based powders 

were all white. For both sets of powders it was obvious that the consistency of the 
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powder went from fine to coarse as the molecular weight of the dextran used was 

increased. The size of continuous chunks also increased with molecular weight.  

Similar color patterns were also displayed by the gels produced with various 

concentrations of dextran. The nickel-based gels were green and the zinc-based gels 

were white. The nickel-based gels with lower dextran concentrations were a darker 

green and the nickel-based gels with higher dextran concentration were a lighter green. 

The nickel-based powders made with 0.1 g of dextran also displayed a very dark navy 

blue color, while all others (0.4 g, 0.7 g, and 1.0 g) still displayed charcoals colors. 

The zinc powders were all white. The gels for both sets were more stable as the 

concentration of dextran increased. Figure 2.1 shows before and after images of the 

zinc-based gels. 

 

 

 

 

 

Figure 2.2 Before and after annealing zinc-based gels. 

 

2.3.1 Dextran Degradation 

Thermogravimetric Analysis (TGA) was run on the dextran to show that the 

entire template was burned off during the final annealing step. The cycle used for 

TGA was the same heat cycle that was used for the final annealing step of the xerogels 

in an atmosphere of nitrogen. The analysis shows that dextran experience a 100% 
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weight loss between 200° and 500° C, refer to Figure 2.3. The degradation of most 

polysaccharides beings after 200°C. The degradation of dextran happens within three 

steps. The first step is the loss of water physically adsorbed onto the dextran. The 

following step is the degradation of glycosidic polymer linkages and the final step is 

the degradation of the remaining cyclized glucose molecules.
39  

From the results of this analysis, it was then decided that the dwell time for 

future experiments should be shortened in an attempt to decrease under any 

unnecessary thermal degradation. TGA was also performed on one of the annealed 

gels to reveal that there was no weight loss during the heat cycle therefore all dextran 

have been moved, this can been seen in Figure A22 in the Appendix.  

 

 

 

 

 

 

 

 

 

Figure 2.3 Thermogravimentric analysis of Dextran. 
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2.3.2 Particle Surface Area and Pore Size 

BET calculations were performed on the adsorption portion of the isotherm 

and BJH calculations were performed on the desorption portion of the isotherm. The 

BET and BJH data were used to investigate if varying the molecular weight of dextran 

or the concentration of dextran had any effect on surface area, pore volume and pore 

radii. Table 2.1 exhibits the BET and BJH data for the nickel-based powders. 

Table 2.1 BET and BJH data on all nickel-based powders. 

Numbers in parentheses indicate the molecular weight of the dextran. K symbolizes 

X1000 and g symbolizes grams 

 

Material Surface Area (m
2
/g) Pore Volume (cc/g) 

 

Pore Radius (Å) 

 

NiO (No Dextran) 25.0 0.041 28 

NiO (75K) 22.7 0.080 28 

NiO (150K) 21.2 0.071 25 

NiO (250K) 25.8 0.081 28 

NiO (0.1g) 25.0 0.041 26 

NiO (0.4g) 33.2 0.099 25 

NiO (0.7g) 29.9 0.089 25 

NiO (1.0g) 26.8 0.064 26 
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As can be seen from the BET and BJH results, the nickel-based powders have 

relatively low surface areas. The surface area averages for the xerogels made with 

varying molecular weights of dextran and the xerogels made with varying 

concentrations of dextran are 23.7 and 29.3 respectively. The standard deviations in 

surface area for the xerogels made with varying molecular weights of dextran and the 

xerogels made with varying concentrations of dextran 2.1 and 3.1 respectively.  The 

surface areas of all samples for both cases fall well within one standard deviation from 

the average. 

2.3.3 Xerogel Identification 

Powder x-ray diffraction (XRD) was used to identify each sample as well as 

determine average particle size. The XRD patterns for both nickel- and zinc- based 

xerogels displayed very narrow, strong peaks, which is indicative of the samples being 

very crystalline. The XRD patterns for all of the nickel-based xerogels were identified 

as nickel oxide. The XRD patterns for all of the zinc-based xerogels were identified as 

zinc oxide. All XRD patterns for nickel- and zinc-based xerogels can be seen in the 

Appendix in Figures A11-A14.  

2.3.4 Morphology 

A transmission electron microscope was used to image the nickel and zinc-

based xerogels. TEM images show that the nickel-based xerogels synthesized with 

varying molecular weight dextran to behave small, uniform, circular particles that are 

easy to distinguish and are distributed evenly. The nickel-based xerogels synthesized 

with varying concentrations of dextran displayed smaller, faceted circular particles 
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mixed with larger, faceted cubic particles. The presence of the larger cubic particles 

seems to increase with the concentration of dextran.  

The zinc-based xerogels synthesized with varying molecular weights show a 

very unique morphology similar to that of brain coral. The particles are like 

interconnected rounded cylinders that are very hard to distinguish from one another. 

Figure 2.3 shows a TEM image of this zinc-based powder in comparison to brain 

coral. The interconnections of the rounded cylindrical particles become less prominent 

as molecular weight of dextran increases. The zinc-based xerogels synthesized with 

varying dextran concentrations have basic round particles of similar size. Numerous 

pores can be seen inside of these round particles. All TEM images can be found in the 

appendix. 

 

 

 

 

 

 

 

Figure 2.4 TEM image of zinc-based xerogel made with 75K dextran in comparison to 

brain coral. 
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2.4 Conclusion & Future Works  

It is conclusive that this hybrid synthesis method produced very crystalline 

xerogels. The addition of the sacrificial template method to the epoxide addition 

method increased the stability of the gels but had no effect on properties such as 

surface area, pore volume and pore radii because the template was not properly 

integrated into the polymeric network. It is suggested that the entire experimentation 

should be re-executed by using water as the solvent. The dextran should be prepared in 

a separate aqueous solution before being added to the metal salt solution to guarantee 

complete dissolution of the template within the metal salt solution. The gels being 

formed from a completely homogeneous solution with no suspensions should provide 

a satisfactory wet gel in order to effectively evaluate if varying the molecular weight 

of dextran and varying the concentration of dextran has any effect on the xerogels’ 

physical properties.  
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CHAPTER III 

SYNTHESIS OF FERRITE XEROGELS VIA THE EPOXIDE ADDITION AND 

SACRIFICIAL TEMPLATE METHOD 

3.1 Introduction 

3.1.1 Ferrite Xerogels 

The works of Gash et al. and the Hope-Weeks Research Group at Texas Tech 

University serve as the building blocks for this synthesis of ferrite xerogels. Gash et 

al. was the first to establish the epoxide method as a successful route to produce metal 

oxide aerogels from metal salt precursors with an oxidation state of +3 or higher 

instead of the traditional and more expensive alkoxide precursors.
7
 Gash expanded 

upon the unique synthesis route by producing iron(III)-based aerogels by that same 

method.
40,41 

The Hope–Weeks Research Group followed these works by proving that 

divalent metal salts with an oxidation state of +2 could  produce stable gels by 

producing a stable monolithic zinc oxide aerogel.
36

 Gash et al. also followed to prove 

that divalent metal salts could produce stable aerogels by producing monolithic 

nickel(II)–based aerogels.
9
 Again, the Hope-Weeks group continued to build upon the 

epoxide addition method by synthesizing zinc ferrite (ZnFe2O4) aerogels.
42

 Other 

mixed metal aerogels such as cobalt ferrite (CoFe2O4)  and nickel ferrite (NiFe2O4)  

have also been successfully produced via the epoxide addition method.
43,44 

The 

sacrificial template method in conjunction with the epoxide addition method to 

produce xerogels of those previously mentioned mixed metal oxides will continue to 

expand upon the sol-gel process routes performed by Gash et al and the Hope-Weeks 

Research Group. The sacrificial template will act as a support for the overall gel to 
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improve robustness and stability as well as act to immobilize the metal ions. The 

immobilization of the metal ions within the matrix of the sacrificial template largely 

reduces the segregation of the metal ions during the reactions; therefore the contiguous 

metal ions can react with minimal diffusion and form stoichiometric, homogeneous 

oxides at low temperatures.
45

 The main objective for experimentation is to obtain 

mixed metal oxides using the hybrid method of combining the epoxide addition 

method and the sacrificial method as described in the Chapter II. Once again, the 

purpose of the epoxide addition and the sacrificial template combination method is to 

be able to perform a sol-gel process that can be executed in 1-2 days instead of the 

common 2 week time span that it takes to complete most sol-gel processes. 

3.1.2. Spinel Materials 

Among magnetic metal oxides, compounds with the formula MX2O4, where X 

and M have oxidation states of +2 and +3 respectively, are called spinel structures. 

Spinels have a face-centered cubic (fcc) structures. Within this structure, there are two 

interstitial sites occupied by metal ions with tetrahedral, A, and with octahedral, B, 

oxygen coordinates. The structure is referred to as a normal spinel when the M
+2

 

cations occupy the A site and when the X
+3

 cations occupy the B site. The structure is 

referred to as inverse spinel won the reverse occurs.
46

 Most spinel structures have 

some degree of inversion, gamma, which is defined as the fraction of divalent ions, 

M
+2

, in octahedral sites.
47

 the net magnetization of spinel structures is dependent upon 

the difference between the A and B sublattice magnetization therefore the properties 

of spinel oxides can be manipulated through magnetic coupling.
48

 In turn, the 

magnetic configuration of MX2O4 can be engineered by changing the chemical 
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identity of
 
 M

+2
 and X

+3
 cations.

49
 overall the magnetic properties of any spinel 

structure is dependent upon the identity of the metal ion, the degree of inversion, size, 

and shape.
50,51

 

Metal oxides with cubic spinel structure are classified as ferrite. Cubic spinel 

structures have the formula MFe2O4 where M = (Fe
+2

, Ni
+2

, Co
+2

, or Mn
+2

). The goal 

of experimentation is to produce spinel structured mixed metal ferrite using divalent 

metal ions, (Ni
+2

, Co
+2

, or Zn
+2

), the hybrid template and epoxide addition method. 

3.2 Experimental Procedure 

3.2.1 Synthesis of Ferrite Xerogels 

Ferric chloride, FeCl3•6H2O (Mallinckrodt Chemicals, 97.0%), nickel (II) 

chloride hexahydrate, NiCl2•6H2O (Alfa Aesar; 99.3%), zinc (II) nitrate hexahydrate, 

Zn(NO3)2•6H2O (J.T. Baker; 100%), cobalt (II) nitrate, Co(NO3)2•6H2O (Alfa Aesar; 

98.0%), propylene oxide (Acros, 99.5%), distilled water and powder dextran (75,000 

MW, 150,000 MW, 250,000 MW; Spectrum) were all used as reagents in 

experimentation. Syntheses were performed under ambient conditions. 

 In a typical synthesis, four 1M solutions of ferric chloride, nickel (II) chloride 

hexahydrate, zinc (II) nitrate hexahydrate, and cobalt (II) nitrate were prepared with 

distilled water. A viscous dextran solution was also made by mixing 25 g of dextran 

with 25 mL of distilled water. Different combinations of 1M mixed metal salt 

solutions were prepared by mixing the ferric chloride with each of the other metal salt 

solutions (M = NiCl2•6H2O, Zn(NO3)2•6H2O, and  Co(NO3)2•6H2O) in varying molar 

ratios (i.e. Fe:M = 1:4, 1:2, 2:1, 4:1). A total of 12 vials each with 2.5 mL of a specific 
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1M metal salt solution were yielded. Subsequently, 1 ml of propylene oxide was then 

added to each vial with 2.5 mL of the dextran solution added immediately after. The 

volumetric ratio of the metal salt solution and the dextran solution was kept at 1:1 to 

yield a total of 6mL per vial. The vials were then vortexed and aged for at least a day 

to produce gels. Finally, the three complete sets of samples were annealed at 500°C 

for 12 minutes at a rate of 1°C/min. in a furnace. The entire synthesis process was 

repeated two more times with 2M and 3M metal salt solutions to yield an additional 24 

vials.  

3.2.2 Characterization of Xerogels 

All characterization techniques described in Chapter II were also preformed in 

the same manner to the samples produced in this chapter with the exception of TGA. 

The TGA was run under a slightly different heat cycle program. The heat cycle dwell 

time was manipulated in this chapter in effort to reduce thermal degradation of the 

sample and ensure the removal of the dextran. 

3.3 Results & Discussion 

3.3.1 Surface Area of the Xerogels 

BET calculations were performed on the adsorption portion of the isotherm to 

investigate if varying the stoichiometry had any on affect surface area. Table 3.1 

displays the BET data for a complete 1M set of mixed metal xerogels. 
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Table 3.1 BET surface areas for the 1M mixed metal set. 

BET Surface Areas (m2/g) 

Ratio of Fe:M 1:4 1:2 2:1 4:1 

Fe:Ni 14.20 208.6 140.9 113.7 

Fe:Zn 187.9 202.3 221.1 31.60 

Fe:Co 92.5 99.9 195.3 176.6 

 

The BET results of the 1M mixed metal set gives evidence that any deviation 

from the desired stoichiometry (Fe:M = 2:1) to produce spinel structured ferrites 

causes a decrease in surface area. All other stoichiometric ratios will leave excess 

amounts of M metal ions to produce undesired final products of MO metal oxides. 

Since the 2:1 ratios produced the highest surface areas in most cases and are of the 

correct stoichiometry to produce the final desired product. The 2:1 samples of the 2M 

and 3M mixed metal set were investigated since they seemed to be the most 

promising. Table 3.2 displays the BET data for all 2:1 ratio samples for the 1M, 2M, 

and 3M mixed metal solutions. 

Table 3.2 BET surface areas for 2:1 samples of the 1M, 2M, and 3M mixed metal sets. 

BET Surface Areas (m2/g) 

Concentration 1M 2M 3M 

Fe:Ni 140.9 37.9 4.97 

Fe:Zn 221.1 13.6 7.10 

Fe:Co 195.3 97.7 11.7 
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The BET results for all 2:1 ratios of all three metal salt concentrations shows 

that increases in metal salt concentration decreases the surface area. The increase from 

1M to 2M decreased the surfaces areas by an average of 71% and the increase from 

1M to 3M decreased the surface areas by an average of 95%. BJH pore size 

distribution table can be found in the Appendix. 

3.3.2 Xerogel Identification and Additional Experimentation 

Powder x-ray diffraction (XRD) was used to identify each sample. All XRD 

patterns can be found in the Appendix. The XRD patterns for all mixed metal salt 

xerogels displayed an increase in crystallinity as the metal salt concentration 

increased. The XRD patterns for all mixed metal salt xerogels also displayed 

impurities of carbon and metal salt. There was a presence of carbon in all of the 

samples which indicated that all of the dextran had not been removed. The presence of 

dextran was further supported by TGA of the Fe:Co (2:1) xerogel, see Figure. A23 in 

the Appendix. There was a 26% mass loss between 280°C and 400°C, which falls 

within the same temperature range that dextran undergoes depolymerization. It is a 

possibility that dextran particles were too large to escape the pores of the xerogels 

during the anneal step and then re-condensed within those pores upon cooling. A new 

set of xerogels were made following the same experimental procedure after 

determining that dextran was still present in the samples. The new set consisted of 2 

sets of 3 samples; one set was all 1M mixed metal salt solutions (2:1) made with 

dextran, and the other was all 1M mixed metal salt solutions (2:1) made without 

dextran to form a control set. The samples were then processed by extending the dwell 
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time of the annealing cycle from 12 minutes to 1.5 hours. The resulting xerogels can 

be seen in Figure 3.1. 

 

 

 

 

 

 

 

 

Figure 3.1. Xerogels annealed for 1.5 hours. 

Xerogel made with dextran (left) Xerogel made without dextran (right). 

 

The xerogels made with dextran were more robust, meaning that the material 

maintained structural integrity and did not fall to pieces to form a powder. XRD was 

used to identify the newly made sample set that was annealed for 1.5 hours. XRD 

revealed that all xerogels made with and without dextran identified with their 

respective metal ferrite or magnetite, with the exception of the Fe:Co xerogels. The 

Fe:Co xerogel made without dextran displayed some carbon impurities which must 

have been a result of residual propylene oxide since there was no dextran in that 

sample. TGA was run on a xerogel made with dextran and a xerogel made without 
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dextran. The analysis showed that both analyses were identical indicating that all 

dextran had been removed from the xerogel made with dextran. Both analyses also 

showed minimal mass loss which is most likely the result of the loss of water 

physically adsorbed onto the sample surfaces. 

3.3.3 Morphology & Particle Size 

A transmission electron microscope was used to image the xerogels. All TEM 

images can be found in the Appendix. All mixed metal xerogels displayed much 

magnetic activity when imaged in the TEM. The activity was mostly due to magnetic 

fields being applied to the samples from the condenser and objective lenses. The TEM 

images of all the xerogels displayed very crystalline structures. The nickel ferrite 

xerogels made with dextran displayed faceted cubic structures and the nickel ferrites 

xerogels made without dextran had a mixture of faceted spherical and cubic structures. 

The zinc ferrite xerogels made with and without dextran and the cobalt ferrite xerogels 

made with and without dextran all displayed a mixture of faceted spherical and cubic 

structures as well. All xerogels made with dextran seemed to have slightly larger 

particles than their respective xerogels made without dextran. The slightly larger 

particles sizes were confirmed by average particle size data collected from XRD data 

and can be seen in Table 3.3. 
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Table 3.3 Average particle sizes. 

Average Particle Size (nm) 

Xerogel Made with Dextran Made without Dextran 

Nickel Ferrite 14 10 

Zinc Ferrite 10 9 

Cobalt Ferrite 11 9 

 

3.4 Conclusion & Future Works 

In conclusion, mixed metal ferrite xerogels were successfully synthesized by 

the sacrificial template and epoxide addition method within a 2 day time span. Lower 

surface areas were obtained whenever unbalanced stoichiometric molar ratios were 

used. Crystallinity of the xerogels increased with metal salt concentration but the 

surface area of the xerogels decreased when metal salt concentration increased. There 

were residual products of metal salts and dextran due to incomplete dissolution and 

insufficient heat cycles of the xerogels that were annealed for 12 minutes. Xerogels 

were remade and the residual products were completely removed by increasing the 

dwell time of the annealing heat cycle from 12 minutes to 1.5 hours.  Xerogels made 

with dextran were more stable and robust than xerogels made without dextran; 

therefore the dextran fulfilled its duty of being an overall support structure. 
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It is suggested to investigate the magnetic properties of these mixed metal 

xerogels and how those properties change depending upon what divalent metal ion is 

used. 
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Figure A1. TEM Images of NiO made with Dextran of varying molecular weights.  

a) made with no Dextran b) made with 75K c) made with 150K d) made with 250K 
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Figure A2. TEM Images of ZnO made with Dextran of varying molecular weights.  

a) made with no dextran b) made with 75K c) made with 150K d) made with 250K 
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Figure A3. TEM Images of NiO made with varying concentrations of Dextran.  

a) made with 0.1g of Dextran b) made with 0.4g of Dextran c) made with 0.7g of 

Dextran d) made with 1.0g of Dextran 
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Figure A4. TEM Images of ZnO made with varying concentrations of Dextran.  

a) made with 0.1g of Dextran b) made with 0.4g of Dextran c) made with 0.7g of 

Dextran d) made with 1.0g of Dextran 
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Figure A5. TEM Image of NiFe2O4 made with Dextran.  
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Figure A6. TEM Image of NiFe2O4 made without Dextran 
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Figure A7. TEM Images of ZnFe2O4 made with Dextran. 
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Figure A8. TEM Images of ZnFe2O4 made without Dextran 
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Figure A9. TEM Images of CoFe2O4 made with Dextran. 
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Figure A10. TEM Images of CoFe2O4 made without Dextran. 
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Figure A11. XRD patterns of NiO made with Dextran of varying molecular weights. 
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Figure A12. XRD patterns of ZnO made with Dextran of varying molecular weights. 
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Figure A13. XRD patterns of NiO made with varying concentrations of Dextran 
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Figure A14. XRD patterns of ZnO made with varying concentrations of Dextran 
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Figure A15. XRD patterns of NiFe2O4 of varying concentrations. 
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Figure A16. XRD patterns of ZnFe2O4 of varying concentrations. 
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Figure A17. XRD patterns of CoFe2O4 of varying concentrations. 
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Figure A18. XRD patterns of 1M NiFe2O4 annealed for 1.5 hours. 
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Figure A19. XRD patterns of 1M ZnFe2O4 annealed for 1.5 hours. 
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Figure A20. XRD patterns of 1M CoFe2O4 annealed for 1.5 hours. 
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Figure A21. TGA of 250K Dextran. 
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Figure A22. TGA of NiO made with Dextran. 
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Figure A23. TGA of Fe:Co (2:1) made with Dextran annealed at 500˚C for 12 minutes. 
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Figure A24. TGA of Fe:Co (2:1) made with Dextran annealed at 500˚C for 1.5 hours. 
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Figure A25. TGA of Fe:Co (2:1) made without Dextran annealed at 500˚C for 1.5 hours
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Figure A26. BJH Pore Distribution of 1M Fe:Ni (2:1) 

.  
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Figure A26. BJH Pore Distribution of 1M Fe:Zn (2:1) 
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Figure A26. BJH Pore Distribution of 1M Fe:Co (2:1). 


