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ABSTRACT
Ceramic microspheres, especially the cerium-based and uranium-based ceramic
microspheres, are highly demanded in different applications due to their chemistry and the
unique microstructures. The dense microspheres are critically important for nuclear rocket
fuels and high-temperature gas cool reactor fuels. The porous microspheres are widely used
in thermochemical reactions for carbon dioxide splitting. The existing ceramic
microspheres fabrication processes have many challenges, such as unfavorable chemistry,
complex steps, and inhomogeneous composition distribution. Those problems have
motivated a new method to validate an alternative technique. The sol-gel process with
polymer additives designed and constructed in this study is capable and successful of
producing homogeneous chemistry and desired microstructures of cerium- and uraniumbased ceramic microspheres.
Herein, this dissertation is focused on fundamentally understanding and studying
sol-gel process with polymer additives based routes towards the fabrication of ceriumbased and uranium-based ceramic microspheres with desired microstructures. The topics
cover the fabrication and properties of ceramic microspheres, controlling the chemical
composition and phase evolution, combining sol-gel process and polymerization
technology, and their applications. To start with, the first chapter talks about the current
research and challenges in developing ceramic microspheres, their potential applications,
and the challenges of the sol-gel process towards ceramic microsphere fabrication. In
chapter II, a new method has been developed using the sol-gel process with polymer
additives for dense ceria microsphere fabrication. In addition, the fundamental
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understanding of sol-gel products has been investigated. In chapter III, we present the
fabrication of uranium-based dense microspheres by the same method mentioned in the
last chapter. The carbothermal reduction and nitride formation have been studied to prepare
the phase pure uranium carbide and nitride microspheres. In chapter IV and chapter V, we
describe a novel approach for fabricating porous pure ceria and Zr-doped ceria
microspheres. The detailed product generation and approaches for microstructure control
are discussed in detail. Moreover, the thermochemical properties of carbon dioxide
splitting are studied and analyzed. Overall, this study work includes the fundamental study,
fabrication, characterization, and applications of porous and dense cerium- and uraniumbased microspheres.
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CHAPTER ONE
INTRODUCTION
The sol-gel process is extremely useful for the fabrication of low dimensional ceramics,
such as nanoparticles1-3, fibers4-6, and thin films7, 8. For decades, people have extensively studied
the fabrication of ceramic nanoparticles, nanofibers, and thin films using the sol-gel method, not
much attention has been paid to microsphere fabrications. However, ceramic microspheres,
especially cerium- and uranium-based ceramic microspheres, have their unique applications, such
as fuel materials in nuclear reactors9-11 and catalysts in solar reactors12-15.
1.1 Typical applications
Cerium- and uranium-based ceramic microspheres16-18 with dense or porous
microstructures are especially attractive for applications in a wide variety of areas, such as nuclear
fuels and catalyst materials. The main principle of material design is governed by the desired
properties and applications. In this section, functional ceramic microspheres have been developed
and been applied in different fields.
1.1.1 Nuclear fuel
The National Aeronautics and Space Administration (NASA) established a Nuclear
Cryogenic Propulsion Stage (NCPS) project in October 2011, and the goal is to assess the viability
of Nuclear Thermal Propulsion (NTP)19-23. Compared to chemical rockets, NTP has been proved
to increase performance and low down the cost. It is believed that NTP is the best propulsion
option for landing missions to Mars in the 2030s22. Since then, research on nuclear fuel has been
studied and developed extensively. The NCPS Fuel Design and Fabrication objective is to
demonstrate and process robust, large-scale fuel elements. Flowing hot hydrogen will be used for
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the fuel test and the understanding and relationships of processing and performance will be built22,
23

.
Currently, NASA's effort focuses on the fabrication of cermet fuel24-26. The cermet fuel

consists of ceramic particles embedded in a metal matrix. The tungsten (W) is typically used as
the metal matrix due to its high melting point and good compatibility with a high-temperature
hydrogen flow. The ceramic fuel particles usually choose uranium dioxide (UO2). However, during
the hot hydrogen test, uranium dioxide faces many problems, such as thermal decomposition, low
thermal conductivity, and the difference in thermal expansion of W. The uranium carbide and
nitrides are potential candidates for future applications due to their high thermal conductivity, high
melting points, and higher uranium content compared with UO224, 27-32.
Furthermore, another problem of fuel loss is due to the fuel particle shape. The large size
distribution and poor dispersion of fuel particles in the metal matrix cause the inhomogeneous heat
flow and lead to cracks and defects. Many researchers showed that uranium-based microspheres
have a large surface area and a fully-sintered phase is robust during the test33-35. The most popular
and widely method to fabricate uranium-containing microspheres is internal gelation17, 27, 33, 34, 3643

. This method mainly creates gelation of metal ion suspension droplets to the desired nuclear fuel

forming gel spheres. Afterward, the gel spheres are washed, dried, and heat-treated to obtain highdensity oxide microspheres. The uranium carbide microspheres are prepared by carbothermic
reduction from the oxide-gel-derived microspheres with the nano-sized carbon precursors
dispersed at the initial sol18, 34. The nitride formation is performed using the following combination
of nitrogen and hydrogen from UO2–carbon gel-derived microspheres44.
1.1.2 Catalyst
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One of the promising applications for transitional metal oxide is to be used as the catalyst
in a solar fuel reactor. In a reactor, the ceramic oxide particles are fluidized and suspended in the
chamber, by the upward flowing gas or liquid fluid. This approach has many advantages compared
with the traditional fuel production method, such as improved mass transfer, excellent heat energy
distribution, and large yield rates12-14, 45. Moreover, the reactor design yields simple and fast
separation of the product gases from the solid ceramic oxide particles. The gases are flowed out
from the reactor while the particles remain in the chamber; the further process will separate the
product gases. Another advantage of the solar fuel reactor is that it is inherently easy to scale up
using the concentrated and recyclable natural sunlight, which allows an industrial level
thermochemical production of hydrogen or carbon monoxide12, 46-49.
However, there is a remaining issue with the catalyst particles. They need a support
structure and many studies found that most of the catalyst materials cannot be removed from the
substrate within a short time due to the poor mechanical strength. Thus, some researchers have
developed the spherical shape catalysts by the sol-gel process, which has a larger particle size and
mesoporous volume50, 51. Compared with the other nano-scaled materials, those microspheres are
self-supported particles and have no agglomeration issue. Furthermore, the microspheres have
excellent mechanical strength and also are better applied for a solar fuel reactor. Their research
work proved that the microspheres remarkably enhanced catalytic activity toward carbon dioxide
splitting because of the large surface area, enhancing a fast mass transport50, 51.
1.2 Background
The traditional powder processes for the fabrication of the ceramic oxide, carbide, and
nitride contaminate facilities and have a serious health hazard to engineers due to the dust
contamination

35, 52

. These potential problems have motivated efforts to develop an alternative,
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dust-free technology to prepare equivalent microspheres. Researchers have performed a great deal
of programs on different fabrication methods of ceramic microspheres27, 33-38, 41, 43, 52. These studies
supported product applications for the nuclear thermal propulsion and high-temperature
thermochemical reactor. Although various methods have been developed, such as the template
method and alginate-metal ion gelation, the wildly applied approaches for the ceramic
microspheres fabrication are the internal gelation process and the sol-gel method.
1.2.1 Internal gelation process
The Oak Ridge National Laboratory (ORNL) has a long history of studying the sol-gel
method in fabrication fuels. In 1973, Wymer firstly reported the ORNL’s work on fuel fabrication
using the sol-gel method33, 53, 54. Kema reported the fabrication of UO2 microspheres using the
internal gelation method for the first time (also called the Kema method). However, the early solgel work in ORNL did not focus on microsphere fabrication. Until the early 1990s, ORNL began
to study the fabrication of the uranium and plutonium oxide microspheres through the dehydration
of denigrated sols using the internal gelation method. This effort has been primarily led by Collins
in the beginning and later by Hunter27, 33, 34, 36, 40, 43, 55-57.
Different from the sol-gel method with homogeneous gelation and controllable masstransfer process, the internal gelation techniques have a fast gelation rate and inhomogeneous
process27, 33, 53. The gelation relies on the raising pH and dehydration of water out of the gel spheres
and the two different methods separate the gelation into external and internal gelation. While the
external gelation needs hot ammonia gas transfer into the liquid droplets, the internal gelation
occurs inside of the spheres once the reaction temperature reaches the sufficient level to trigger the
reaction. The starting material is aqueous metal nitrate solutions and HMTA/urea mixture.
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The main idea of the internal gelation process is to use the hexamethylenetetramine
(HMTA) for gelation and urea for the complexing agent. In a typical process, a nitrate solution
containing the metal ions is cooled down separately to low temperature (0-5°C) from a
concentrated HMTA and urea mixture solution. Once the experiment begins, the two solutions are
mixed and urea complexes the metal ion to prevent fast hydrolysis. The sphere generation is using
dispersion and a hot oil bath, in which the chilled feed solutions are dropped off. When the
temperature goes up in the column, urea de-complexes the metal ion and allows hydrolysis. This
reaction is driven to completion by the protonation of HMTA. The following steps are a
condensation of metal hydroxide by ammonium hydroxide solution, washing the metal hydroxide
spheres with different organic solvents, and several drying and aging steps. The obtained hydrated
metal oxides are converted to oxides by heat treatments in the air. The further carbide and nitride
formation are carried on by dispersion carbon black or different carbon sources at the original
metal nitrate solution17,

27, 58-62

. Overall, the internal gelation method is solely based on the

chemistry of HMTA and urea decompositions. These reactions can be described as
[(CH2)6N4] + H+ ⇔ [(CH2)6N4H]+ (HMTA protonation)

[(CH2)6N4H]+ + 3 H+ + 6 H2O ⇔ 4 NH4+ + 6 CH2O (HMTA decomposition)
NH2CONH2 + H+ ⇔ HNCO + NH4+ (Urea decomposition)

These decomposition reactions will increase the pH values of the solutions, which results

in the solidification of liquid droplets. The metal cations (such as U, Ce, Zr, Ti, etc.) will precipitate
or gel upon certain pH ranges33, 34, 38, 54, 61. Overall, the internal gelation method has been quite
successful to produce ceramic microspheres. However, there are some inherent limitations and
shortcomings with this method including very fixed chemistry (narrow pH windows and difficult
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for doping), unfriendly processing parameters (low temperature required and multiple washing and
drying steps), and complicated equipment.
1.2.2 Sol-gel approach
The sol-gel process refers to a solution (sol) based routes to produce solid ceramic products.
Inorganic metal salts, hydroxides, alkoxides are the most commonly used precursors for sol-gel
reactions. During the sol-gel reactions, inorganic polymerization will occur around ambient
temperature. Using a sol-gel process, the inorganic phase is obtained with a polymer/organic
matrix. In a simple sol-gel method, the hydrolysis and condensation reactions of inorganic
precursors will be catalyzed by acid or base in a water solution at low temperature63, 64. The typical
hydrolysis and condensation reactions are shown below:
Hydrolysis:
M-(OR)4 + H2O ⇔ (RO)3M-OH + ROH

(1.1)

(RO)3-M-OH + HO-M-(RO)3 ⇔ (RO)3M-O-M-(RO)3 + H2O

(1.2)

(RO)3-M-OH + RO-M-(RO)3 ⇔ (RO)3M-O-M-(RO)3 + ROH

(1.3)

Condensation:

And/or

where R could be H, CH3, C2H5, C3H7, C4H9, etc. Besides, there may be coordination
polymerization involving either the alkoxide oxygen or the oxo oxygen or both. All the reactions
occur at the same time, causing high molecule weight and long-chain M-O-M bond, forming
homogenous gelation and solidification. Metal-oxo-based larger molecular networks are obtained
at the molecular level after hydrolysis and condensation reactions. The development of sol-gel
with polymer additive network structures is generally controlled by the pH, the drying temperature,
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the amount of water, and the different types of metal salts. The different choices of reactive
conditions will lead to the control of properties and structures52, 63, 64.
By taking advantage of the favorable chemistry, controllable parameters, and simple
procedures, the sol-gel process has been applied to fabricate low dimensional ceramic materials,
such as thin films and nanofibers. However, towards ceramic microsphere fabrication, the drying
of liquid droplets to the solid gel spheres is a big challenge, since it is difficult to maintain spherical
shape for a long period. Thus, in this thesis, a new approach was developed by combining the solgel process and polymerization. Since this dissertation is focused on the development of cerium
and uranium oxide, carbide, and nitride microspheres, solution chemistry relevant to sol-gel
processing will be presented for uranium ion and cerium ion. Moreover, organic additives, such as
acetylacetone (ACAC) and ethylenediaminetetraacetic acid (EDTA), are always applied as
chelating agents to control hydrolysis.
1.2.2.1 Cerium ion chemistry in sol-gel reactions
The most commonly used form for cerium is oxides, which are Ce2O3 and CeO2 (ceria).
Ceria and doped ceria materials have always been used and investigated in catalytic converters6567

and solid oxide fuel cells (SOFC)65, 68-70. The thermochemical reaction cycles are designed to

reduce Ce4+ to Ce3+ under high temperatures in following insert gas, generating oxygen and oxidize
from Ce3+ back to Ce4+ with carbon dioxide at lower temperatures, releasing carbon monoxide.
This relies on ceria as the oxygen sink and source. Ceria is particularly suitable for acting as the
convertors because it has many intermediate O/Ce ratios between the two states (Ce2O3 and
CeO2)71, 72. Also, ceria with fluorite structure is a promising candidate for SOFC application
because of its heavily doping ability with transitional metal elements to improve oxygen ionic
conductivity68, 69. The dopant can largely reduce the operating temperatures.
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Different from other transitional metal ions, cerium cations have only two oxidation states
in solid and solution: Ce3+ and Ce4+. Even they have different chemical behavior, both Ce3+ and
Ce4+ are highly soluble in water and are stable in solution. When base reagents, such as ammonium
hydroxide, ammonium carbonate, are used, the primary precipitation of Ce3+ is Ce(OH)3,
Ce(OH)CO3 • xH2O, respectively. The future oxidization of Ce(OH)3 in ambient conditions will
obtain Ce(OH)4, and the subsequently dehydrate CeO2 • 2H2O. The hydroxide precipitation and
hydrolysis product for Ce4+ solutions end up with CeO2 • 2H2O. The solution chemistry of cerium
ion, unlike the linear uranyl ions in solution, typically has the metal ions with similar ionic radii
with its corresponding oxidation states. Thus, the sol-gel reaction of cerium ions is controlled by
pH at the hydrolysis step. A higher pH value will result in precipitations and if the pH value is too
low, the additional H+ will decrease the reaction rate73-76.
1.2.2.2 Uranium ion chemistry in sol-gel reactions
As it is known that, in nature, the uranium metal is highly reactive and the other elements
can form a variety of compounds, and the most common uranium ore is primarily uranium dioxide
with a little amount of uranium trioxide77, 78. However, in this dissertation, the processing and
characterization of uranium oxide, carbide, and nitride are most important as the fuel for nuclear
reactors. Although uranium ion has different valence states, which are 3+, 4+, 5+, and 6+, the
dominant states are +4 and +6 oxidation states. To obtain an aqueous uranium ion solution, the
typical way is to use sulfuric acid leaching, resulting in uranyl sulfate, UO2(SO4)34-. This is
because, before dissolve uranium ore, U(IV) is insoluble and it must be oxidized to a soluble U6+
state. Typically, the purification uses ammonium hydroxide and hydrogen peroxide by ion or
solvent exchange, obtaining yellowcake. When hydrogen peroxide results in UO4 • xH2O crystals
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which can be heated to about 600 °C, removing the waters of hydration, and calcination to U3O833,
79, 80

.
Dissolution in acetate acid can be accelerated by heating to the uranyl acetate’s melting

point (80 °C). In aqueous solutions, the most stable entity form for U6+ is the linear uranyl ion
UO22+, which is produced during dissolution because of the oxidization nature of acetate acid. At
either end of the linear structure, uranyl ion (O=U=O)2+ has multiple bonds with oxygen atoms.
When the additional ligands exist in the aqueous solution, the unique structure leads to
complexation reactions to occur. Those reactions usually happen along the equatorial plane, which
is in the pentagonal bipyramidal configuration. In the sol-gel reactions, a variety of ligands has
always been utilized to form uranyl complexes and stabilize the structure, prevent rapid hydrolysis
reaction. The U4+ and U6+ are strong electron acceptors, and if the reaction is not under control,
precipitation will occur. Also, coordinated uranium ions is a strong Lewis acid, which causes
electron redistribution in the ligands. This effect has a significant impact on the dissociation
constants and reactivity for small molecules, such as H2O and organic species33, 79-81. Thus, it is
important to control sol-gel parameters, such as pH, temperature, and the amount of chelating
agent.
1.2.2.3 Chelating agent
In recent years, sol-gel with polymer additive precursor has been widely studied and been
applied for different complicated geometries90-93. The sol-gel with polymer additive precursors are
chemically and/or physically combined with remarkable properties and features of both organic
and inorganic composites. This plays a very important role in the development of multifunctional
materials. Also, the low-temperature process, which is applied to obtain these unique structures,
provides multiple pathways in the design and production of compounds. In previous decades,
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based on their potentialities, many sol-gel with polymer additive precursors are appearing in either
academic or commercial areas. Therefore, it opens the new prospective of promising applications
in various fields: electronics, catalysis, optics, and sensors90, 94-97.
The use of template building blocks as the starting procurers for forming sol-gel with
polymer additive precursor structure is commonly used. Many researchers have done studies on
such systems, using an organic precursor, like alkoxy derivative of well-defined silicon, tritium,
and zirconium oxo-clusters90, 93, 94, 98. The molecular design of alkoxide precursors can be classified
into three different class groups: siloxane networks, sol-gel with polymer additive precursor with
M-O-Si-C bonds, and sol-gel with polymer additive precursor with transition metal ions. For the
first group, inorganic groups will be linked to the organic network via the organo-substituted silicic
acid esters which have the general formula R’nSi(OR)4-n where R’ could be different
organofunctional groups. Generally, Si-O-Si bonds will be established by the condensation
reactions of those esters which will yield the modified nanoscaled sol-gel with polymer additive
precursor networks. For the second group, the network is built by the hydrolysis and condensation
reactions between diethoxydimethylsilane (DEDMS) and different metallic alkoxides, M(OR)n
where M can be Ti, Zr, and Al. In this kind of group, the metal ion loaded can be up to 30 at.%.
Those materials can be described as the sol-gel with polymer additive precursors with metal oxopolymeric species bonded to siloxane chains via M-O-Si bonds90, 93, 94. Different from the first two
groups, the organic networks are linked to inorganic transition metal alkoxides via strong
complexing ligands (SCL) or chelating agent. Since the hydrolysis of transitional metal ions is
rapid, the SCL aims to stabilize the metal ions in soltuion because of the chelation and steric effects
via –OH or/and C=O groups.There are different types of SCL like β-diketones and allied
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derivatives. Also, in condensation reactions, the SCL acts as the termination site and thus manages
the uncontrollable transition metal-oxo extension.
1.3 Challenges and the new approach
As discussed above, although the internal/external gelation process has been widely
applied for the ceramic microsphere fabrication towards nuclear fuel application, there are still
some shortcomings. For example, the chemistry is restricted to a narrow range due to the limited
pH window. Normally only a very few candidates exist for microsphere fabrication. This is
because the gelation is caused by the release of ammonia by the hydrolytic decomposition of the
hexamethylenetetramine (HMTA), which in turn, causes the gelation or precipitation of the metal
ion in the solution into a hydrated oxide gel within a short period (several seconds). Because the
metal cations only hydrolysis at a single pH value. For example, Ce4+ precipitates at pH 2.7, while
Ce3+ precipitates at pH 8.137,

38, 82

. Thus the HTMA/urea concentration needs to be exactly

controlled.
Also, the dopant is limited to single or only certain cations. Dopants play an important role
to increase the properties of the hosts. Doping Zr can increase the oxygen capacity of ceria83, 84,
and (U, Zr, Nb)C solid solution has a longer operating life than the other carbide systems85. Since
different cations, if not well-chelated, have vastly different gelation pH values. For example, the
pH of precipitation of hafnium salts in a chloride solution was ~2.486 while the pH value
requirement for Ti4+ is over 687. During the development of metal oxide microspheres at ORNL,
it is the general situation that only one or two types of metal cation can be well-controlled.
Although some other research team has reported that they successfully sintered ceria-doped
zirconia microspheres88, the results are not promising due to the limitation of the ceria-doped
concentration and cracks and pores. The problem was caused by the fact that different metal salts
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would precipitate or gel at different pH values. On the country, our group reported that we
successfully combined at least two different cations in one homogenous sol and easily controlled
the physical and chemical propterties89. Furthermore, the experimental condition is required low
temperature. The flexible window of stock temperature is very narrow (0ºC to 5ºC) and the feed
solution cannot be stored for a long time (the maximum time is 4 h) because of the decomposition
of HMTA33, 55, 82. Before the microsphere fabrication, the broth solutions must be separately
prepared and chilled and then mixed as the feed solution in case of precipitation. By contrast, our
sol with different concentrations (from 0.01M to 3.0M) can storage at room temperature for a long
time (up to several months) without any precipitation. Hence, a new sol-gel process with chemistry
flexibility, controllable sol properties, and favorable experimental conditions is highly desired.
1.4 Objectives
Based on the challenges mentioned above, this study work addresses two different
approaches: incorporate the sol-gel process and polymerization for dense ceramic microsphere
fabrication and combine sol-gel technology associated with polymerization for porous ceramic
microspheres. In this dissertation, two categories of dense and porous cerium- and uranium-based
microspheres have been developed. Thus, the objectives and related tasks are given as follows:
1. The fundamental understanding of the chemical formation of the cerium- and
uranium-based sol with polymer additive precursor and their exploration to fabricate
dense microspheres;
The synthesis of metal ion-based sol by sol-gel process with polymer additive has been one
of the emerging topics of functional material research. The main advantages of using sol-gel
process with polymer additive are that it cannot only process the materials at low temperatures,
but enhance the thermal55, 94, 98, optical90, 115, 119, electrical properties94, 97, 120. In Chapter II and III,
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a novel method staring with sol-gel with polymer additive precursor to fabricate dense cerium and
uranium-based microspheres will be performed. The novelty of this approach is that a
multifunctional monomer is used to be the chelation agent and at the same time, it can be easily
polymerized and fix the spherical shape. To fundamentally understand the process, chemical and
physical properties of the obtained sol have been studied. After heat treatment, the as-obtained
ceramic microspheres have excellent sphericity with near theoretical densities.
2. The general strategies and fundamental understanding for synthesizing phase pure
uranium carbide and nitride microspheres.
With the formation of cerium or uranium-based sol-gel with polymer additive precursors,
they have been further investigated for the carbide and nitride microsphere preparation.
Researchers have been studying carbide and nitride formation under different experimental
conditions, starting from carbon black or the other solvable carbon sources58, 121-124. However, the
composition dispersion and large shrinkage during calcination are the biggest challenges in current
studies.
In Chapter III, the role of phenolic resin as the carbon source is explored for the carbide
and nitride microsphere fabrication. The phenolic resin has dissolved in the precursor, forming a
homogenous system and avoiding the dispersion problem. Also, the highest carbon yield ends up
smaller shrinkage. The carbothermal reduction and nitride formation are investigated both
experimentally and theoretically.
3. The exploration of the sol-gel technology with polymerization approach to generate
porous ceria microspheres as redox material for carbon dioxide splitting reactions;
Porous ceria and doped ceria materials have been widely used as the redox material for
carbon monoxide generation via thermochemical reaction in solar fuel reactors due to its favorable
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properties such as good thermal stability, high oxygen storage capacity, high melting point, and
good redox reactivity103-108. At high temperatures, ceria will be reduced into oxygen and the
oxygen non-stoichiometry of ceria under Ar gas. This is an endothermic reaction and requires
extremely high temperatures in order to achieve a substantial degree. When the temperature cools
down and the carbon dioxide gas injects into the reaction chamber, the nonstoichiometric ceria
will be oxidized and generated carbon monoxide. Also, the utilization of porous ceria-based
material towards thermochemical reaction has shown that the large specific surface increases the
reaction rate and reduces the reaction temperatures. Hence, porous microspheres become
especially important. The traditional powder fabrication technology is difficult to achieve the
controlled size and specific surface area. The experimental approach of using the solgel/polymerization method towards porous ceria microsphere will be explored in Chapter VI. A
thermal gravity analysis with controlled gas is developed to examine the fuel production of porous
ceramic microspheres.
4. The design of experimental protocol to fabricate porous Zr-doped ceria microspheres
with excellent spherical shape and large specific surface area;
Many research efforts have been made to fabricate porous Zr-doped ceria materials and the
production yield was enhanced by the combination of porous microstructure and dopant. It is
because that a dopant into ceria in replacement to Ce4+ to enhance the oxygen storage capacity
(OSC)67, 71, 104, 107, 110-114. The cations doped in the ceria crystal structure results in a solid solution
of nonstoichiometric ceria. Also, the inclusion of metal cations leads to the formation of more
oxygen vacancies in the ceria crystal structure, which decreases the reduction temperature and
drops the O2 partial pressure. For most studies associated with the thermochemical applications,
the fuel production yield of the ceria was improved by doping different metal cations without
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changing structural defects and retaining the cubic fluorite structure. Thus, the technology to
synthesize porous ceria microspheres by sol-gel/polymerization will be extended to fabricate
porous Zr-doped ceria microspheres and the following thermochemical reactions will be explored
in Chapter V. The dopant and microstructure effects on fuel production will be elaborated in
details.
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CHAPTER II
FABRICATION OF CERIA MICROSPHERES FROM THE CE-BASED SOL-GEL
PRECURSOR WITH POLYMER ADDITIVES
2.1 Introduction
Cerium dioxide (CeO2), also called ceria, is a lanthanide metal oxide which has a redox
potential behavior1. Like the other transitional metal elements, the cerium has two different
valence values, 4+ and 3+. Due to the excellent antioxidant properties1-4, cerium (III) and cerium
(IV) can easily switch between each other by oxidation and reduction. Based on this character,
ceria has been used in wild applications: solar farm catalysis1, 5, 6, solid oxide fuel cells (SOFC)7,
8

, combustion catalysts9, and oxygen ion conductors10-12. Recent researches have focused on the

development of advanced CERMET fuels for nuclear thermal proposition (NTP) rockets using
ceria microspheres as a suitable surrogate for uranium oxide13-17. This can simplify experimental
safety requirements and improve experimental parameter selections. Thus, techniques have been
sought to fabricate cerium dioxide microspheres.
Since the early 1970s, the internal gelation method has been developed and applied for
non-actinide metal oxide microspheres fabrication16, 18-21. In a typical internal gelation process, a
chilled (0~5°C) metal nitrate solution is mixed with another chilled solution containing
hexamethylenetetramine (HMTA), and urea first, and then converted into a hydrous gel during
heating. The gelation occurs when HMTA is protonated and decomposed upon warming and
raising pH. This leads to the metal hydrolysis reaction to completion. The following drying process
converts the hydrated metal hydroxide to hydrated metal oxide. Before firing steps, further
washing using an organic solvent is required to eliminate the impurities14, 22. However, although
internal gelation has some advantages, such as dustless fabrication, repeatable steps, and
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qualitative production, there are still some important issues to be addressed, such as the fixed
chemistry (narrow pH window and limited doping ability) 23-25 and complicated processing steps
(prepared chilled solution, complex pieces of equipment and washing, drying steps). Thus, a
suitable approach should be developed to overcome those potential problems.
The sol-gel method has been widely applied to prepare low-dimensional ceramic materials,
such as thin films8, 26, and nanofibers27-29. The flexible chemistry of the sol-gel process is highly
desired for two reasons. First, the reaction rate is controllable by adjusting the solution pH and it
favors complete phase formation30, 31. Second, the formation of metastable intermediate phases can
be avoided when more than two metal ions are doped. The reaction rate can be controlled by
adjusting precursor reactivity with the organic stabilizers32, 33. It can also be controlled by replacing
the more reactive alkoxide groups with hydrated salts. Meanwhile, the processing set-ups are
essentially easier and simpler compared with the internal gelation. However, towards ceramic
microsphere fabrication, how to remain the spherical shape while drying is limited for the sol-gel
process. To overcome the long-time drying problem, we propose to use the polymerization as the
solidification method, which is a simply, homogenous and fast step.
In this chapter, we present our current research on a novel approach for the fabrication of
ceria microspheres using the sol-gel process with polymer additives. This new method is simple,
easy to scale-up, and low-cost. Importantly, the stabilizer glycidyl methacrylate (GMA) has been
applied not only to chelate with the cerium ions during sol-gel reaction, but to solidify the liquid
droplet by polymerization instead of drying or raising pH. The highly concentrated sol was
homogenous and stable at ambient environment. Chemistry of the sol-gel precursor were
characterized by XPS, FT-IR, and Raman spectral mapping. Thermal analysis techniques and X-
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ray diffraction were used to study thermal behavior and crystallization. The microstructure of the
ceria microspheres after firing at 1500°C have been investigated.
2.2 Experimental procedure
2.2.1 Ce-based sol with GMA
The cerium(III) acetate sesquihydrate (Ce(AC)3, 99%, Alfa Aesar, MA, USA) powder,
acetic acid (HAc, ACS grade, Aqua Solutions, Inc. TX), and different molar ratio glycidyl
methacrylate (GMA,98%, Acros Organics, NJ) were used to synthesize the precursor. DI water
was used during all the experiments. For each batch, the amount of Ce(AC)3 was kept at 0.01mole,
and the molar ratio between Ce3+/GMA was changed from 2:1 to 1:2. 40ml HAc was used as a
solvent for each batch. Ce(AC)3 and GMA were mixed in HAc at room temperature by vigorously
stirring it for 10min. After stirring, a white color suspension was obtained because Ce(AC)3 cannot
be completely dissolved in the solution. Then, the whole solution was fixed on the reflux system.
The temperature of the reflux system was kept at 80°C. The reflux lasted for 5 hours and the
suspension became a clear and homogenous transparent solution. After reflux, 2mol (32ml) DI
water was added into the clear solutions. The obtained solutions were adjusted pH using 37% NH3
water solution (ACS reagent, 28.0-30.0% NH3 basis, IGMA-ALDRICH, Mo, USA) to different
values. The solution was under constant stirring while the ammonia solution was drop-by-drop
added to make sure the homogeneity and avoid precipitation. The obtained solutions were then set
in an oven at 80°C to evaporate the solvents and obtain highly viscous sols. All the experimental
compositions are given in Table 2.1. The viscous sols were formed after setting in the oven for 24
hours. The stability test for the sols was putting each sample at room temperature and recorded the
color and phase changes. The observation window was one month.
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Table 2.1 The initial organic-inorganic precursor compositions
Sol code

Ce(AC)3
(mol)

GMA
(mol)

H2O
(mol)

pH value

1.1
1.2
1.3
2.1
2.2
2.3
3.1
3.2
3.3

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.005
0.005
0.005
0.01
0.01
0.01
0.02
0.02
0.02

2
2
2
2
2
2
2
2
2

1.70
2.60
3.20
1.70
2.60
3.20
1.70
2.60
3.20

2.2.2 Ce-based gel sphere fabrication
Before microspheres fabrication, the highly concentrated sols were diluted into 1.5M using
HAc, and 15wt% of the initiator benzoyl peroxide (BPO, wetted with ca. 25% water, Tokyo
chemical industry CO., Tokyo, Japan) was dissolved into the sol at room temperature. The
fabrication was carried on as soon as the precursor was ready in case of any polymerization of
GMA starts. The gel spheres were manually generated using a plastic syringe with a diameter 2
mm needle into a 30wt% polybutadiene (PBD, average Mw=200000, Aldrich, Mo, USA)
hexadecane (99%, SIGMA-ALDRICH, Mo, USA). The droplets formed a spherical shape due to
the surface tension and sink into the matrix with extremely slow velocities. The droplets were kept
in PBD solution for 2 days at 80°C to ensure satisfactory mechanical strength of gel microspheres
for handling. The solid organic-inorganic precursor microspheres were scooped out of the polymer
solution and gently wiped clean by Kim-wipe before heat treatment. During the droplet generation
and solidification, a drying step was not required.
2.2.3 Firing
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The obtained gel spheres were dried at room temperature overnight before firing. The
heating rate was set at 0.2°C /min below 1000°C in order to let the organic composites decompose
slowly and kept the spherical shape and 1°C /min to 1500°C. The ceramic microspheres were fired
at 1500°C for 5 h.
For the ceria phase identification, the solidified sol was dried at 80°C for 24 h in order to
evaporate all the solvent. Then, the samples were heated to different temperatures for 1h with a
heating rate of 5°C/min in air. The ceria powders were used for the XRD characterization.
2.2.4 Characterizations
The chemical properties were characterized using an FT-IR (Thermo-Nicolet Magna 550
FTIR instrument), X-ray Photoelectron Spectroscopy (XPS, Physical Electronics, East
Chanhassen, MN USA), and Raman spectroscopy (WITec Instruments Corp., Maryville, TN,
USA) at room temperature. The viscosity of the organic-inorganic sols was measured using a
viscometer (Viscolead ADV, Fungilab Inc., NY, USA) at room temperature. The thermal
properties were studied at 1000°C with a heating rate of 5°C /min under the flowing air condition
using TGA (TGA7, Perkin Elmer, Waltham, MA, USA). The crystallized ceria phase was
characterized using X-ray diffraction (XRD, Rigaku Co., Ltd., Tokyo, Japan) and the
microstructure of ceramic microspheres was characterized using scanning electron microscopy
(SEM, Hitachi S4800, Hitachi, Ltd., Tokyo, Japan)
2.3 Results and discussion
2.3.1 Appearance of the Ce-GMA-based sol
The main purpose of this study is to develop a new approach for ceramic microsphere
fabrication using the sol-gel process with polymer additives. The homogenous, stable Ce-GMAbased precursor is desired to achieve ceria microspheres with very good spherical shape and high
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density. The non-uniform dispersed polymer additives generally result in large pores and irregular
shape, consequently with poor mechanical performance. Herein, the approach applied in this study
for the ceramic microsphere fabrication has many promising features compared with the widely
used internal gelation method. The main advantage of using the sol-gel process with polymer
additive is that the sol-gel chemistry is flexible and the precursor can be easily doped with other
metal ions. The hydrolysis of cerium ions is proceeded by GMA, avoiding fast reaction rate and
further precipitations. The homogenous and chemical uniform Ce-GMA-based precursors can be
obtained after condensation. However, in the internal gelation process, the composition for the Cebased precursor is fixed and it is difficult to dope other cations due to the limited pH windows13,
16, 44

. Another advantage of our approach is the experimental friendly process and cost-effective

steps. There is no need to pre-chill solutions and the equipment set-up is simple and large-scalable.
Furthermore, by taking advantage of the polymerization of GMA to solidify liquid droplets, the
further drying and washing steps are unnecessary.
GMA was reported to be used as the stabilizer or the chelating agent of the metal ions in a
solution, avoiding any metal hydroxide precipitations38, 45, 46. Thus, before the water molecules
were introduced into the solution, the carbonyl group and hydroxyl of GMA reacted with Ce3+.
The function of the stabilizers is to slow down the reaction rate and it cannot stop the process. An
excess amount of water was added to ensure the completion of the sol-gel reaction. Another
important parameter in sol-gel reactions is pH. Typically, a higher pH value causes precipitation
of metal ions and on the contrary, a lower pH value prevents the hydrolysis process30, 31, 33, 47.
Table 2.2 summarizes the appearance of Ce-GMA-based precursors after hydrolysis and
condensation. Viscous sol were obtained from sol 1.2, 2.2, and 3.2 without any phase separation
or precipitation. All the samples were homogenous with an initial pH value of 2.60. Before
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condensation, the concentration of sols was 0.125M, and after condensation and evaporated most
of the solvent, the concentration was around 3M. Figure 2.1 shows the pictures of the sol before
condensation (A) and after (B) and solid transparent gel (C). Before condensation, the sol was
dilute, and after condensation, a transparent, colorless and homogenous sol with a high viscosity
was obtained. The further drying led to solid transparent gel. As shown in Figure 2.1 (C), it is clear
to see the background picture (Clemson University logo and tiger paw) through the gel. The
stability of different sols are shown in Table 2.3. Sol 2.2 and sol 3.2 can last more than 1 month at
room temperature in a sealed vial. Considering the final ceramic yield, sol 2.2 was selected as the
sphere fabrication precursor. All the gel and ceria microspheres obtained in this research were
generated from sol 2.2.
Table 2.2. The appearances of initial precursor before and after condensation
Sol code
1.1
1.2

Before condensation
Colorless and clear
Colorless and clear

1.3
2.1
2.2

Colorless and clear
Colorless and clear
Colorless and clear

2.3
3.1
3.2

Colorless and clear
Colorless and clear
Colorless and clear

3.3

Colorless and clear

After condensation
Opaque with bubbles
colorless, transparent, and
clear
Opaque and precipitation
Opaque with bubbles
colorless, transparent, and
clear
Opaque and precipitation
Opaque with bubbles
colorless, transparent, and
clear
Opaque and precipitation
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Initial pH value
1.70
2.60
3.20
1.70
2.60
3.20
1.70
2.60
3.20

Table 2.3. The stability of different sols at room temperature
Sol code
1.2

After condensation
Yellow, transparent,
and clear

1 day

2.2

Yellow, transparent,
and clear

colorless,
transparent, and clear

colorless,
transparent,
and clear

colorless,
transparent, and
clear

3.2

Yellow, transparent,
and clear

colorless,
transparent, and clear

colorless,
transparent,
and clear

colorless,
transparent, and
clear

colorless,
transparent, and clear

1 week
1 month
precipitation
Opaque solid

Figure 2.1. As synthesized Ce-GMA-based sol. A): before condensation. B): after condensation.
C: homogenous and transparent solid gel (the background picture is the Clemson University
logo and tiger paw).
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B

Figure 2.2. (A) Viscosity change versus sol concentration. (B) The viscosity change of sol 2.2 (1
M and 1.5M) versus shear rate.
The viscosity change with the concentration of the precursors are shown in Figure
2.2.Before viscosity measurement, the concentrated Ce-GMA-based sols were diluted with acid
into different concentrations. All the measurements were carried at room temperature with a share
rate of 150 s-1. Figure 2.2 (A) shows that the viscosity increased drastically when the concentration
was higher than 1.6 M. It is difficult to generate droplet when the viscosity was too high. Thus,
concentration 1.5M was selected for the fabrication spheres. Figure 2.2 (B) shows the viscosity
change of 1M and 1.5 M sol 2.2 at the different shear rates at room temperature. The viscosity
results indicate that the low concentration sol kept constant viscosity at large shear rate values.
When the concentration increased to 1.5M, the sol showed shear thinning behavior.
2.3.2 Thermal analysis and phase identification

39

Figure 2.3. TGA of sol 2.2 in air at a heating rate 10 K/min.
The Ce-GMA-based sol 2.2 was characterized by TGA to study the thermal behavior and
the result is shown in Figure 2.3. With a heating rate of 5°C /min in air, there was a significant
weight loss that occurred at 200-400°C. This significant weight loss corresponds to the
decomposition of the polymer matrix. Above 450°C, there was no big weight loss, which indicates
that the polymer decomposition was completed and the cerium dioxide was obtained. In order to
increase the final density of the ceria microspheres, lower polymer additive content is required.
Ce/GMA molar ratio=1 was chosen for the ceramic microsphere fabrication since this sol was
more stable. In our study, the total weight loss of sol 2.2 was less than 60% after the gel spheres
were dried. All the large decomposition between 200°C and 400°C came from the decomposition
of PGMA. The ceramic yield is relatively higher than the other publications1, 34, 48, 49.
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Figure 2.4. XRD patterns of synthesized samples annealing at room temperature, 600°C, and
1000°C. All the peaks are refed to the cubic CeO2 phase.
The XRD results of the Ce-GMA-based sol after heat treatment at different temperatures
are shown in Figure 2.4. At room temperature, the XRD result of dried gel shows that the
amorphous phase. Increasing temperature led to a present of diffraction peaks and the initial
crystallization of cubic CeO2 was observed when temperature was raised to 600°C. At 600°C, the
ceria phase showed up and the peaks are broader due to the small crystal size. Further increasing
temperature to 1000°C would lead to formation of pure cubic ceria phase1, 34. There is no secondary
phase was detected. This result shows that the obtained ceramic material was pure ceria and the
polymer additives did not affect the phase formation and crystallization.
One potential limitation of internal gelation is the impurities in the final products50, 51. Since
the silicone oil50, 52 is used as the matrix bath, the residual oil could form a secondary SiO2 phase.
Although washing steps are followed, how to choose the organic solvent and further cost is another
41

issue. On the contrary, we used the PBD matrix and no other inorganic composites were involved.
According to the XRD results, the amorphous phase at room temperature shows no imported
inorganic impurities, and only the cubic ceria (CeO2) phase was detected at higher temperatures.
2.3.3 The chemistry of Ce-GMA-based sol

Figure 2.5. FT-IR spectra results of the different samples.

Figure 2.6. XPS survey spectrum (A) and the high-resolution XPS of Ce 3d from different
samples: the blue line refers to the pure Ce(AC)3 without any GMA added. The red line refers to
the sol with molar ratio Ce3+/GMA=1:1. The black line refers to the sol with molar ratio
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Ce3+/GMA=1:2. All the measurements were carried at room temperature. The rhombus symbol
indicates the Ce4+ with bonding energy of 916 eV.

Figure 2.7. (A) Raman spectrum of Ce(AC)3 and sol 2.2; (B) Intensity of the sol 2.2 Raman band
at 489 cm−1. The darker color indicates a weak Raman signal. The measurement was carried at
room temperature.
The FT-IR spectra of the pure GMA, Ce-GMA-based sol and cerium acetate are shown in
Figure 2.5. The peaks appeared at 1726 cm-1, 1653 cm-1, 1153 cm-1, 910 cm-1, which are related to
the C=O vibration peak, C=C vibration, C-O-C vibration and the epoxy group vibration groups 38,
39

, respectively. The strong intense bands observed for pure cerium acetate were found to be at

1536 cm-1, 1415 cm-1, 1019 cm-1, 940 cm-1, and in the range of 700-600 cm-1 40, 41. Compared with
the pure GMA, the most notable change in the Ce-GMA-based sol spectral is the observed C=O
red shift. This finding maybe consider as evidence for participation of the C=O group in chelation
to the metal ion. Further, a comparison between the GMA and sol revealed that the absorption
bands associated with the stretching epoxy group of the GMA (observed at 910 cm-1) disappeared
in the Ce-GMA-based sol spectra, indicating a ring-opening reaction, and thus forming O-H
groups. Both C=O and O-H groups were associated to the chelation of GMA and metal ions. The
spectra showed new band, in comparison with that of the pure cerium acetate, at 884 cm-1, and it
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was assigned to metal–oxygen stretching vibrations, in agreement with the literature data43,44.
Moreover, the C=C peaks remained in Ce-GMA-based sol after sol-gel reaction, and the liquid sol
can be polymerized into solid gel with additional imitator.
Figure 2.6 presents the XPS survey scan of different samples. The C 1s peak at 284.6 eV
is used as the reference binding energy for calibration. In Figure 2.6 (A), a series of peaks from Ce
3d, C 1s, and O 1s are observed from the sol samples35, 36. Figure 2.6 (B) shows the Ce 3d3/2, 5/2
XPS spectrum collected between 920 eV and 870 eV of pure Ce(AC)3, solid Ce-GMA-based sol
with different GMA content (1:1 and 2:1). The peak of Ce 3d (883 eV) confirms the introduction
of Ce atoms in the sample35-37 and the Ce-GMA-based sol was successfully prepared. Also, the
peak at 904 eV is due to the Ce 3d of Ce3+ in all samples35-37. Meanwhile, there is no observation
of Ce 3d of Ce4+ peak (916 eV) in any precursors, which indicates the chelating reaction did not
change the valence.
Figure 2.7. A shows the typical Raman spectrum. Raman band at 489 cm-141.To study the
micro-level morphology, the high lateral resolution of Raman micro-spectroscopy was applied for
the sol-gel products with polymer additives characterization42, 43. The chemical information can be
obtained from the sub-micrometer level. The mapping image of the sol 2.2 sample is shown in
Figure 2.7 B. The mapping consists of both polymer matrix and inorganic grains with a size of less
than 1μm. The darker color indicates less Raman signal which corresponds to the polymer matrix.
On the other hand, the yellow bright color indicates the maximal Raman intensities, which are the
metal ions. The precise mapping of microstructural information is essential to unravel the local
homogeneities of the precursor. This result indicates that there is no phase separation at the
submicron level and the cerium composite dispersed in the polymer matrix well at the atom level.
2.3.4 The gel sphere and ceria microsphere
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Figure 2.8. A shows the picture of the gel spheres. It is clear to see from the light, all the
gel spheres were transparent with very good special shape and smooth surface. In this study, the
diameter of the needle was 2 mm and the average size of gel spheres was 1.6 mm with a good
special shape (shown in Figure 2.8.B). Since there was no washing and further cleaning by organic
solvents, the obtained gel spheres were not deformed and were still homogenous.
Figure 2.9 shows a typical ceria microsphere after firing at 1500°C for 5 h. The calcined
microspheres did not collapse in the crucible during heating. There were no cracks observed among
all the samples and the sample still kept a very good spherical shape without any deformation. Due
to the high ceramic yield and low polymer additive content, there were only some smaller pores
observed on the surface (Figure 2.9 B). The surface of the ceria microspheres was rougher than
the gel spheres because there were some small grains grown on the surface. The average diameter
of the ceria microspheres was 500 μm. In general, the average grain size was 5 μm. According to
the surface microstructures of the ceria microspheres (Figure 2.9 B), the small pores were observed
and the grains grew into larger sizes, around 20μm. The relative density of the as-fabricated ceria
microspheres was around 87% TD. The sintering behavior of fully dense ceria microspheres will
be further studied. Herein, this study develops a new approach for high-density ceramic
microsphere fabrication. Moreover, ceramics with complex shapes can be fabricated by additive
manufacturing using this precursor due to the no requirements of the drying process.
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Figure 2.8. A. Solid, transparent Ce-based sol spheres; B. Optical image of the gel sphere.

Figure 2.9. A. Ceria microspheres after heat treatment at 1500°C for 5h; B. Surface morphology
of as-prepared
2.4 Conclusion
A homogenous and stale Ce-GMA-based sol-gel precursor was successfully synthesized.
The organic additive GMA was employed not only as of the chelating agent but as the solidifier.
During the sol-gel process, the Ce3+
Ceria ions were stabilized by GMA at the sub-micro level forming a homogenous phase.
When the initiators were added, the Ce-GMA-based sol can be thermally polymerized into a solid
gel. Also, we illustrated that ceria microspheres were successfully fabricated from the Ce-GMA46

based precursors. The obtained ceria microspheres had good sphericity and high density, which
could be sintered to dense microspheres. This work demonstrated that using GMA as an additive
opens a new gate for ceramic microsphere fabrication. Further applications can be extended to
ceramic products with complex shapes.
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CHAPTER III

THE FABRICATION OF ZR-DOPED CERIA POROUS MICROSPHERES FOR ENHANCED
CO GENERATION VIA THERMOCHEMICAL REDOX CYCLES

3.1 Introduction
The High-Temperature Gas-Cooled Reactor (HTGR) is one of the advanced Generation IV
reactors and it has been developed under the inherent safety and self-stabilizing features1-4. The
dense uranium carbide microsphere, as the fuel kernel, is widely used in nuclear reactors to
generate clean energy sources5-7. Compared with uranium oxides, uranium carbides are better fuel
cores due to their high melting points, high thermal conductivity, high uranium density, and no
reaction with the particle coating layer (PyC-SiC-PyC)8-10. Among all the candidates, the uranium
dicarbide microspheres have been used as the main fuel elements11,

12

. Because uranium

monocarbides and oxycarbides are not favorable for the core material and they would directly react
with the high carbon content from the hydrocarbon coatings at high temperatures.
Typically, uranium carbide microspheres are produced from the carbothermic reduction of
uranium dioxide microspheres with carbon black3,

4, 12-15

. To prevent the radioactive dust

contamination, the internal gelation method has been widely used to fabricate ceramic
microspheres, which is solution-based droplet generation16-21. Studies have been focused on the
preparation of carbide microspheres by the internal gelation, such as zirconium carbide and
uranium carbide3, 15, 20, 22. The gelation mechanism of the internal gelation is raising solution pH
by decomposition of hexamethylenetetramine (HMTA). However, the transitional metal ions have
different precipitation pH values, which makes the internal gelation process chemically
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unfavorable due to the fixed composition. Thus, a new method for ceramic microsphere fabrication
with favorable chemistry is highly desired.
Moreover, the carbon source-the carbon black yielded an inhomogeneous composition
distribution and segments23, 24. Also, according to a kinetic study for the carbothermic reduction,
the limitation is the diffusion of CO gas through a compact layer25. Recently, efforts have been
taken by using organic species as a source of fine carbon, such as sucrose26 and citric acid27.
Although those organic species have high surface areas, the low carbon yield of those carbon
sources leads to an increase in swelling and limited chemistry. Furthermore, the finishing steps of
the internal gelation process, which refer to aging, washing, and drying could result in composition
loss.
In this chapter, phase pure uranium dicarbide microspheres with good sphericity and
uniform size were prepared by the sol-gel process with polymer additives. The organic additive
glycidyl methacrylate (GMA) was applied as the chelating agent for uranyl ions in the sol-gel
process and also, the polymerization of GMA soldiered the liquid droplet into solid gel spheres.
The phenolic resin has been widely applied to prepare carbide materials because of the high carbon
yield and good solubility. Thus, in this study, phenolic resin was chosen as the carbon source.
After analysis of the carbon content and the heat treatments on phase evolution, the optimized
carbon ratio (4.03) and temperature (1500°C) were found for pure phase uranium dicarbide
preparation. The as-obtained uranium carbide microspheres have a very good sphericity and high
density.
3.2 Experimental procedure
3.2.1 Preparation of the U-GMA-based precursor
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The overall flowchart of the uranium-based organic-inorganic precursor is shown in Figure
3.1.
Typically, 0.01mol (or 4.24 g) uranyl acetate (UO2(AC)2, <=100%, Ladd Research, VT)
powder, acetic acid (HAc, ACS grade, Aqua Solutions, Inc. TX) and different molar ratio glycidyl
methacrylate (GMA,98%, Acros Organics, NJ) were used to synthesize the precursor. DI water
was used during all the experiments. For each batch, the amount of UO22+ was kept at 0.01mole
and the molar ratio between UO22+/GMA was 1:1. 80ml HAc and 10ml DI water were used as a
solvent. UO2(AC)2 and GMA were mixed in a flask at room temperature by vigorously stirring it
for 10min. After stirring, a yellow color suspension was obtained because UO2(AC)2 cannot be
completely dissolved in the solution. Then, the flask was connected to a reflux system. The
temperature of the reflux system was kept at 90°C. The reflux lasted for 48 hours and the
suspension became a clear and homogenous transparent light yellow solution. After cooling down
to room temperature, 4mol (72ml) DI water was added to the clear solutions. The obtained
solutions were adjusted pH by 16% NH3 water solution (ACS reagent, 28.0-30.0% NH3 basis,
IGMA-ALDRICH, Mo, USA) to different values. The solution was under constant stirring while
the ammonia solution was added to ensure homogeneity and to avoid precipitation. The obtained
solutions were then set in an oven at 80°C to evaporate the solvents and obtain viscous sols. All
the experimental compositions are given in Table 1. The viscous uranium-GMA-based sols were
formed after setting in the 80°C oven for 4 days. The stability test for the sols was putting each
sample at room temperature and recorded the color change.
To introduce the carbon source into the system, a different amount of phenolic resin was
added into the viscous sol and put into the 80°C oven for 1 h. The phenolic resin (Georgia-Pacific
Wood Products, GA, USA) used in this study has a high carbon yield (~47 wt%) and can be easily
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dissolved in acetate acid. Adding the different amount of phenolic resin into the sol, the dark
yellow transparent sol was obtained, which was used to prepare the gel spheres.

Figure 3.1. Flowchart of the sol-gel process for U-GMA-based precursor synthesis.

Table 3.1. The initial U-GMA-based precursor compositions
Sol code

UO2(AC)2 GMA

H2O

(mol)

(mol)

(mol)

1

0.01

0.01

2

2.2

2

0.01

0.01

2

3.0
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pH value

3

0.01

0.01

2

3.5

4

0.01

0.01

2

4.5

5

0.01

0.01

2

5.5

6

0.01

0.01

2

6.5

3.2.2 Gel sphere generation
Before droplet generation, the highly concentrated sols were diluted into 1.5M using HAc,
and 15wt% of the initiator benzoyl peroxide (BPO, wetted with ca. 25% water, Tokyo chemical
industry CO., Tokyo, Japan) was dissolved into the sol at room temperature. The fabrication was
carried on immediately. The gel spheres were manually generated using a plastic syringe with a
diameter 2mm needle into a 30wt% polybutadiene (PBD, average Mw=200000, Aldrich, Mo,
USA) hexadecane (99%, SIGMA-ALDRICH, Mo, USA) solution. The droplets formed a spherical
shape due to the surface tension and fall in the polymer solution with extremely slow velocities.
The droplets were kept in PBD solution for 48 hours at 80°C to ensure satisfactory mechanical
strength for handling. The gel spheres were scooped out of the polymer solution and gently cleaned
by Kimwipe before heat treatment.
3.2.3 Heat treatment
The obtained gel spheres were dried at room temperature overnight before firing. All the
gel spheres were placed in a Mo crucible and put into a gas tube furnace. The heating rate was set
at 0.2°C/min below 1000°C to let the organic composites decompose slowly and remained the
spherical shape and 1°C/min to 1500°C. The ceramic microspheres were sintered at 1500°C for
5h. All the heating and cooling process was carried on under following Ar gas.
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For the phase identification, the U-GMA-based sols with different amounts of phenolic
resin were dried at 80°C for 24 h to complete the hydrolysis. Then, the samples were heated to
different temperatures with a heating rate of 5 °C/min under the following Ar. The powders were
prepared for the XRD characterization.
3.2.4 Characterization
The thermal properties of uranium-GMA-based sol were studied at 1450°C with the
heating rate of 5 °C/min under the flowing Ar condition using TGA (TGA7, Perkin Elmer,
Waltham, MA, USA). The crystallized ceria phase was characterized using X-ray diffraction
(XRD, Rigaku Co., Ltd., Tokyo, Japan) and the microstructure of gel and ceramic microspheres
was characterized using scanning electron microscopy (SEM, Hitachi S4800, Hitachi, Ltd., Tokyo,
Japan).
3.3 Results
3.3.1 The organic-inorganic precursor for gel spheres fabrication
To increase the ceramic yield and prevent swelling of microspheres, the molar ratio of
UO22+/GMA was chosen as 1:1. In this case, it is assumed that the decomposition of PGMA has
little effect on the carbon ratio. As shown in Figure 3.2 A, after reflux, the homogenous, clear sol
was obtained, and no precipitation observed.
In the sol-gel process, how to control the hydrolysis and condensation process is very
critical due to the reaction rates between the species28. The influence factors include the reaction
activity of species, temperature, pH, and the ratio between metal ions and organic additives. In our
study, the pH value was critical for the uranium-GMA-based sol. Since the precipitation pH value
of UO22+ is 6.829-31, the pH of uranium-GMA-based sol was adjusted into different values below
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6.8. The results are shown in Table 3.2. After condensation, the homogenous and dark yellow color
uranium -GMA-based sol was obtained with the initial pH 4.5-5.5 (shown in Figure 3.2 B).

Table 3.2. The appearances of initial precursor before and after condensation

Sol code

Before
condensation

1

After

Initial pH value

condensation

yellow and clear

Yellow

2.2

precipitation
2

yellow and clear

Opaque and

3.0

precipitation
3

yellow and clear

Opaque and

3.5

precipitation
4

yellow and clear

Dark yellow,

4.5

transparent, and
clear
5

yellow and clear

Dark yellow,

5.5

transparent, and
clear
6

white precipitation

-
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6.5

Figure 3.2 (A) Dilute uranium -GMA-based sol with initial pH=4.5. (B) Highly concentrated
uranium -GMA-based sol with pH=4.5.
3.3.2 Thermal behavior of the uranium -GMA-based sol
The thermal analysis (as shown in Figure 3.3) was carried out for the sol with C/U mole
ratio 4.03: 1, which was finally selected to fabricate the carbide microspheres. The big weight loss
before 400oC corresponded to the decomposition of phenolic resin and PGMA. When the
temperature increased, the small weight loss was because of the decomposition of the big
molecular chains of phenolic resin. The final yield after heating at 1450oC for 5 h was 37wt%. The
carbothermic reaction is shown in the following:

UO2 (s) + 4 C (s) → UC2 (s) + 2 CO (g)

(3.1)

According to the isothermal plot at 1450oC (Figure 3.4), the reaction was completed after
about 50 minutes at 1450oC. After 50 min, there was only a small amount of weight loss (3 hours,
less than 2 mg of weight lost). This can be explained by the instrumental error.

62

Figure 3.3. TGA/DSC plot for the carbothermic reduction.
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Figure 3.4. TGA isothermal (1450oC for 5 h) plots for the carbothermic reduction.
3.3.3 Carbon ratio effect on the phase composition
Carbon ratio is the most important factor for the carbothermic reduction and has a great
effect on the phase evolution for the final uranium carbide material. Because the carbon content
ensures the completion of carbothermic reduction and phase purity. Insufficient carbon content
will result in the unreacted oxide phase. Excessive carbon content will lead to the residual carbon
phase. The excessive carbon is difficult to be removed and it will also decrease the further sintering
level.
Figure 3.5 shows the carbon ratio effect on the phase composition. When the carbon ratio
was higher than 4.03, there was a certain amount of residual carbon. On the other hand, when the
carbon ratio was lower than 4.03, there were secondary phases observed (e.g. UO2, U3O8, and UC).
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To obtain the pure UC, lower carbon content and higher temperature are needed and this will be
reported in the other report.

Figure 3.5. Carbon ratio effect on the uranium carbide formation.
3.3.4 Temperature effect on the phase composition
Another important factor is the reaction temperature. The XRD results are shown in Figure
3.6. The carbon ratio of all samples was chosen as 4.03. All the experiments were carried on under
flowing Ar and all the samples were kept at the target temperatures for 5h. At 1000°C, only carbon
and UO2 phases were observed. The UC2 started to present at 1250°C. However, there was still a
large portion of residual carbon and oxide observed even after 5h. When the temperature raised to
1500°C, no secondary phase was detected.
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Figure 3.6. Temperature effect on the UC2 formation.
3.3.5 Microstructure of gel and ceramic microspheres
A solid gel sphere is shown in Figure 3.7. According to SEM images, the surface of gel
spheres was smooth and crack-free. Since the solidification method of this approach was
polymerization, the following washing and drying steps were not required. The size control was
not investigated in this study and another research work from our team will be focused on the size
control.
The solid gel spheres were placed in a Mo crucible and heated to 1500°C for 5 h with the
heating rate 0.2 °C/min under the following Ar. UC2 microspheres were obtained with very good
sphericity, shown in Figure 3.8. The uranium carbide microspheres had an average diameter of
500 µm which was approximately half the size of the gel spheres, shown in Figure 3.8 (A). Figure
3.8 (B) shows the cross-section and surface of the obtained carbide microsphere. The surface was
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smooth without any cracks and no pores. The relative density of the uranium dicarbide
microspheres was 89 TD%.

Figure 3.7. SEM images of the gel spheres before heat treatment. (A) The sphere overview
showed an excellent spherical shape with a smooth surface. (B) The surface of the gel sphere.

Figure 3.8. SEM images of an UC2 microsphere (0.2oC/min to 1500oC for 5 h). (A)
The microsphere overview showed a highly spherical shape with a smooth surface. (B)
The cross-section and surface of the microsphere.
3.4 Discussion
3.4.1 Chemistry
The chelating agents are typically applied in the sol-gel process to control the hydrolysis
of metal ions. In this study, the organic additive GMA stabilized the uranyl ions in the solution
with reactive functional groups, avoiding a fast hydrolysis rate and precipitations. The GMA is
widely used to complex transitional metal ions in solution and absorbs the metal ions 33-35. Since
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uranium ion is a hard acid with a higher affinity towards hard bases, thus, the GMA with O groups
are highly effective for the selective chelation of uranium ions.
The main control parameter in this study is pH. In an aqueous solution, the uranyl ion,
UO22+, is the least hydrolyzed form of U6+. The further hydrolysis starts at pH 3. The principle
hydrolysis product is (UO2)2(OH)22+ when the pH reaches around 4.5. This specie has two bridging
OH groups and it is easier to attain the equilibrium state. However, when the pH increases above
5.5, an additional species (UO2)3(OH)42+ appears, which will result in uncontrollable hydrolysis30,
31

. Thus, the pH range used in this study was chosen between 4.5 and 5.5.
Another promising feature of the uranium-GMA-based sol is that the solidification step is

based on the polymerization instead of raising pH. PGMA was formed via free-radical
polymerization, and enhanced the strength of gel spheres, which was beneficial to structural
integrity of the microspheres during heat treatment. Furthermore, compared with the internal
gelation method, this approach does not require any organic solvent for washing36, 37, which could
introduce impurities and cause composition change on the gel surface. Upon gel sphere fabrication,
the solidification via polymerization of the liquid precursor solves the long-time-drying problem
when only the sol-gel process is applied.
The phenolic resin was selected in this study as an acid-based resol type, with the carbon
yield 47 wt%. Phenolic resin is applied as the carbon source to prepare different carbide materials
due to the good solubility and high carbon yield38, 39. We found that the phenolic resin dissolved
very well in the U-GMA-based sol and formed a homogenous solution. When the phenolic resin
was decomposed into carbon during heating under following Ar, there was no phase distribution
issue, and this ensured the homogeneity for the uranium carbide phase.
3.4.2 Thermal analysis
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The thermal analysis of the uranium-based was investigated by TGA under the argon
atmosphere and the sample was kept at 1450°C for 5 h. The crystallization of uranium oxide
occurred from 600°C to 800°C. When the temperature increased above 600°C, there was still some
weight change due to the further decomposition of phenolic resin into carbon. As the temperature
approached 1300oC, there was another weight loss which was believed to be the occurrence of the
transformation of oxide into carbides via carbothermic reduction. This temperature was lower than
the traditional solid-state powder-mixing method3, 4. This probably because of the homogeneity
and the smaller crystal size40, 41. During this step, the diffusion of carbon and the crystallization of
carbide occurred. The carbothermic reduction was completed after 50 min at 1450°C as shown in
Figure 3.4, accompanied by an insignificant weight loss after a long period. To increase the final
density of the microspheres, the sintering period was chosen as 5h.
3.4.3 Crystallite phase characterization
3.4.3.1 Carbon ratio effect on the phase composition
The carbon/uranium ratio has a great impact on the phase evolution. The carbothermic
reduction mechanism is that when the carbon molar ratio is lower than 3, UC and UO2 phases
coexist. When the carbon molar ratio is between 3 and 4, UC2 and UC phases coexist. When the
carbon molar ratio is higher than 4, additional carbon and UC2 phases coexist. Those phase
transitions are based on equation (3.2) and (3.3)27:

UO2+3C=UC+2CO

(3.2)

UC+C=UC2

(3.3)
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The XRD results show that as the C/U is increased from 2.12 to 3.18, the intensity of the
diffraction peaks assigned to UO2 decreases gradually compared with the diffraction peaks refers
to UC. This is because that the mounts of the carbon in the system can only reduce a certain amount
of UO2. Also, according to Equation (3.1), if the C/U was up to 4, UC2 should be the only product.
Thus, when the C/U was set as 4.03, the XRD pattern confirms the product obtained was pure UC2.
Hence, the molar ratio of C/U is chosen as 4.03 in the following experiments.
3.4.3.2 Temperature effect on the phase composition
According to the above thermal analysis, the carbothermic reduction occurred at certain
temperatures. Therefore, the investigation of reduction temperature was also presented. As shown
in Figure 3.6, the carbothermic reduction completed when the temperatures were above 1350°C
and the oxides were further reduced into carbides by carbon. The XRD results are confirmed: when
the temperature was lower than 1300°C, there were still some unreacted carbon and oxide phases
left. Since the target product in our study is UC2 phase, 1500°C was used as an appropriate
temperature for heat treatment of gel microspheres.
3.4.4 Microstructure of microspheres
As shown in Figure 3.7, the surface morphology and the microstructure of the gel sphere
had a smooth surface and very good sphericity. After the polymerization of GMA, there were no
other further transformation reactions, unlike the internal gelation method, which requires further
drying to form hydrated metal oxide42-44. During the internal gelation, washing off the silicone oil
is necessary to eliminate the contamination. However, the cost of an organic solvent and
complicated process would make the internal gelation less favorable. Overall, our sol-gel process
with polymer additives has many advantages regarding gel sphere fabrication.
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The good quality of gel spheres resulted in the uniformity of carbide microspheres. The
interior of the carbide microspheres appears dense and the grain size was approximately 200 nm.
The volume shrinkage from dried gel sphere to heat treated microspheres was about 50%. It mainly
was because of the decomposition of residual polymers and crystallization of uranium carbide.
The heat-treated microspheres had no cracks and defects even after the large volume shrinkage.
The crack-free feature was due to the slow heating history. The heating rate was set as 0.2 °C/min
and ensured a slow and sufficient removal of residual polymers in microspheres. This is very
helpful to maintain the excellent integrity and sphericity. The future work will be focused on the
sintering behavior or the carbide microsphere and nitride formation starting with the carbide
microspheres.
3.5 Conclusion
High density uranium dicarbide microspheres were successfully prepared by the sol-gel
process with polymer additives. The organic additive, GMA was proved to be a good chelating
agent for uranyl in solution; it also played an important role in the gel sphere fabrication as a
solidifier. The phenolic resin was applied as the carbon source because of the excellent solubility
in the precursor and the high carbon yield. Carbothermic reduction using uranium-GMA-based sol
and phenolic resin as a starting material has been tested. The carbon/uranyl ion ratio of 4.03 in the
initial mixture was investigated to be the most appropriate for UC2 synthesis. The phase evolution
has been found to be critically sensitive to the reaction temperature and when temperature was set
as 1500°C, phase pure UC2 was obtained. The prepared uranium dicarbide microspheres had
uniform size, good sphericity and integrity. This simple, easy set-up and low-cost technique
developed a new field for carbide microsphere fabrication. Further nitridation will be carried out
in another study to prepare uranium nitride microspheres.
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CHAPTER IV
SOL-GEL FABRICATION OF POROUS MICROSPHERES FOR THERMOCHEMICAL
CARBON DIOXIDE (CO2) SPLITTING
4.1 Introduction
Ceria is an important material, due to its excellent oxygen ion conductivity and good
crystalline stability at high temperatures [1,2,3]. Porous ceria-based materials have shown great
potential in thermochemical CO2 splitting. The thermochemical cycles of ceria are shown as
follows [4, 5, 6, 7, 8]:
High temperature: CeO2 = CeO2-δ + δ/2 O2

(4.1)

Low temperature: CeO2-δ + δ CO2 = CeO2 + δ CO

(4.2)

At high-temperatures (e.g., > 1100°C), ceria becomes nonstoichiometric and oxygen is
released. Recently, the concentrated solar power is used to reach such high temperatures for the
solar thermochemical CO2 splitting [9, 10]. At relatively low temperature (e.g., 600 – 800°C), the
nonstoichiometric ceria reacts with CO2 to form CO [11,12]. The overall reaction of these two
steps is the splitting of CO2 into CO and O2. This reaction is important because carbon dioxide is
the greenhouse gas, and carbon monoxide is an important chemical to produce hydrocarbon fuels
[13, 14].
To scale up the solar thermochemical splitting of CO2, people proposed fluidized-bed-type
reactors [21]. For these types of solar reactors, spherical ceria microspheres are highly desired
because ceramic microspheres can roll in the reactor. On the other hand, higher specific surface
area of ceria is also important [15,16,17], which is a general rule for all catalysts.
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The porous ceria microspheres have been reported synthesized by various techniques,
including hydrothermal processes, aerosol spray pyrolysis and template method. Sun et al.
developed nanosheet-constructing porous CeO2 microspheres using the hydrothermal method, but
the sphericity of the obtained microspheres was not good. Li et al. used the aerosol spray pyrolysis
to obtain the litchi-peel-like hierarchical hollow copper-ceria microspheres. Even the sphericity of
those microspheres were good, the large size distribution made this method unfavorable. Currently,
bio-template method has been applied for porous ceria microsphere fabrication, using egg
membrane, yeast and pollen. However, porosity, size and morphology of the porous microspheres
are strongly dependent on the bio-templates. Thus, a suitable method to develop porous ceria
microspheres is desired.
In this chapter, we describe the use of polymer additive as a pore generation agent to
produce porous CeO2 microspheres, and the performance for thermochemical CO2 splitting during
thermal cycles. The catalytic performance was tested by measuring the weight change of ceria
under several thermochemical cycles. Compared with CeO2 powder samples, the porous ceria
microspheres exhibit a higher CO production rate. The enhancement mechanism was proposed as
well.
4.2 Experimental procedure
4.2.1 Ce-based sol preparation and gel microsphere fabrication
For each batch of the liquid precursor, 0.01 mol cerium (III) acetate hydrate
(Ce(C2H3O2)3·xH2O, 99.995%, Mw: 317.28, Alfa Aesar, MA, USA) was used as the cerium source.
Acetic acid (ACS grade, Fisher Science, PA, USA) was used as the solvent. The cerium acetate
hydrate was dissolved in acetic acid at room temperature. Then, 2,4-pentanedione (acac, 99%, Alfa
Aesar, MA, USA) was added as a stabilizer/chelating agent. The molar ratio between Ce3+ and
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acac was 1:4. Next, the solution was refluxed at 90°C for 5 h. After the reflux, a yellow transparent
solution was obtained and then cooled to room temperature. Then, 2 mol deionized water was
added to the solution. The pH value of the solution was adjusted to 2.15 using a nitric acid solution
(HNO3, 68%-70% solution in water, ACROSS, NJ, USA). At last, the solution was aged in an
oven at 80°C, until viscous sol was obtained.
For the microsphere gel fabrication, different weight percent (i.e. 12.5 wt%, 20 wt%, and
30 wt%) of acrylamide (Sigma-Aldrich, MO, USA) was added to the precursor. Ammonium
persulfate (Sigma-Aldrich, MO, USA) and N-N-methylene bis (Sigma-Aldrich, MO, USA) were
used as the initiators. Here, the weight percentage of PAM is calculated based on the weight of
ceria yield.
This precursor was added drop-wise in a highly viscous polybutadiene hexadecane
solution. The highly viscous solution was prepared with 20 wt% polybutadiene (PBD, average Mw
= 200000, Aldrich, Mo, USA) dissolved in hexadecane (99%, SIGMA-ALDRICH, Mo, USA) at
80°C for one week. The droplets in the polymer matrix maintained high sphericity due to the
surface tension effects. Upon crosslinking, acrylamide was converted to polyacrylamide, and
liquid droplets were converted to solid gel microspheres.
4.2.2 Heat treatment
The aged gel microspheres were heated in air to 1000°C at 0.2°C/min and soaked for 1 h,
and then heated to 1500°C at 1°C/min and soaked for 1 h. The slow heating rate below 1000°C
was to avoid disintegration during the polymer decomposition. After heat treatment, the porous
ceria microspheres were obtained.
4.2.3 Material characterization
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The viscosity of the precursors were measured using a viscometer (Viscolead ADV,
Fungilab Inc, NY, USA). The chemical bonds was characterized using the FT-IR (Thermo-Nicolet
Magna 550 FTIR instrument). The crystallographic phase was identified using X-ray diffraction
(X-ray diffractometer, Rigaku Co., Ltd., Tokyo, Japan). The microstructure of the microspheres
was characterized using scanning electron microscopy (SEM, Hitachi S4800, Hitachi, Ltd., Tokyo,
Japan). The thermal decomposition and crystallization behaviors of dried sols were characterized
using TGA (TGA7, PerkinElmer, Waltham, MA, USA). The surface area of the samples was
characterized using an Autosorb iQ gas sorption analyzer, based on the Brunauer–Emmett–Teller
(BET) method using the adsorption branches of the isotherms.
4.2.4 Ceria powder preparation
To evaluate the thermochemical performance of porous ceria microspheres, we fabricate
ceria powder as the control. The commercial ceria powder (purity ≥ 99.9%, particle size < 5 µm,
Sigma-Aldrich, MO, USA) was sintered at 1500°C for 1 h. The sintered ceria was crushed and
sieved, to select the powder with particle size between 0.8 and 1 mm. This size is similar to the
diameters of the porous ceria microspheres.
4.2.5 Thermochemical activity characterization
The efficiency of the thermochemical CO2 splitting of the porous ceria microspheres were
evaluated using thermogravimetric analysis (TGA) (Netzsch STA model 449 F3, Burlington, MA,
USA). For each thermal cycle, the ceria microspheres or ceria powder were heated to high
temperature (1400°C) at 20°C/min and kept for 40 minutes, then the sample was cooled to 1000°C
at 20°C/min and held for another 40 minutes. At high temperature, CeO2 was reduced under
flowing Ar (99.99% purity), and oxygen was released. The weight loss during this stage indicates
the amount of oxygen released from ceria.
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At the lower temperature, e.g., 1000°C, ceria reacted with CO2 (a flowing 4% CO2 - Ar gas
mixture) and gained weight. The amount of weight gain at this stage can be used to calculate the
CO yield. The thermal cycling temperatures were chosen based on the range of typical operating
temperatures of the solar reactors [11].
4.3 Results and discussion
4.3.1 The characteristics of cerium precursors and gel microspheres
During the sol-gel transition, cerium acetate hydrolysized under the appropriate pH value
(i.e., 2.15 in our study), and inorganic molecular backbone (Ce-O-Ce) was formed, as shown in
Figure 4.1. The Ce-O-Ce stretching vibration was observed at 814 cm-1, but not in the ceriuam
acetate [20]. After acrylamide (AM) was added to the sol and cross-linked together with the cerium
sol, we found that Ce-O-Ce stretching vibration peak was still quite strong. No new chemical bonds
between cerium gel and polyacrylamide (PAM) were found. When PAM is added to the system,
the two new peaks at 3340 cm-1 and 1101 cm-1 correspond to the N–H asymmetric stretching and
C–C asymmetric stretching characterization bands in the PAM chain [21]. Thus, the PAM did not
react with the cerium sol, but rather cross-linked with itself. The role of the PAM addition is to
solidifies gel by absorbing the solvent [22], and creates porosity when decomposes at high
temperatures.
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Figure 4.1. FT-IR spectra of (a) concentrated Ce-based gels, (b) solidified Ce-based gel with 20
wt% PAM, and (c) pure cerium acetate powder.
One of the biggest challenges of forming gel microspheres was the fact that the cerium sol
alone did not solidify without solvent evaporation. When the droplets were submersed in the
hexadecane solution, the solvent in the droplets cannot evaporate. Adding acrylaminde in the
precursor can cause droplet solidification. The polymerization of acrylamide (AM) usually takes
place at 80°C. We characterized the effect of monomer contents on the viscosity evolution of the
liquid precursor. As shown in Figure 4.2, we found that for a higher AM content, the viscosity of
the precursor increased faster. The viscosities of all samples showed exponential growth with time.
When PAM content was 20 wt%, a solid-like gel was obtained within 10 min of curing. As shown
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in Figure 4.3, solid gel microspheres were obtained with the PAM addition. These gel
microspheres were strong enough to be handled.

Figure 4.2. Viscosities of sols with different acrylamide (AM) contents versus polymerization
time at 80°C.
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Figure 4.3. Solid gel microspheres.
4.3.2 Thermal decomposition and crystallization
The thermogravimetric analysis of the cerium-based gel from room temperature to 1100°C
is shown in Figure 4.4. The total weight loss was approximately 60 wt%. The weight loss below
200°C was due to the solvent evaporation. The decomposition of ACAC started near 300°C.
Significant weight loss was observed between 300°C and 450°C, which was caused by the
decomposition of cerium acetate and ACAC. Above 450°C, there was no additional obvious
weight loss observed, indicating the organic decomposition was completed and crystallized cerium
dioxide was formed.
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Figure 4.4. TGA of concentrated Ce-based sol (without PAM addition) heated from room
temperature to 1100°C at 5°C /min, under flowing air.
The PAM addition does not change the crystalline behavior of the cerium precursors. Upon
heat-treatment at 500°C for 1 h, cubic ceria was observed for both gels with and without PAM
addition, as shown in Figure 4.5. The calculated average crystal size was about 10 nm for both
precursors, based on the Scherer’s equation [23]. Since the ceria microspheres will be tested
between 1000 and 1400°C, we pre-heat-treated the porous microspheres at 1500°C for 1 h to
enhance the microstructure stability during testing. The XRD result of ceria porous microspheres
(20 wt% PAM content) after the heat-treatment at 1500°C shows that ceria was the only crystalline
phase. However, the grain size significantly increased.
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Figure 4.5. XRD results of CeO2 precursors with and without PAM additive, after heattreatments. (JCPDS:34-0394).
4.3.3 Microstructure of porous cerium-based microspheres
After 1500°C heat-treatment, the microstructures of the microspheres varied significantly
depending on the PAM contents, as PAM was the pore-forming agent. The pore size, surface area
and sphericity of the ceria microspheres are listed in Table 4.1. The surface area and average pore
size was measured based on BET. Higher PAM content resulted in a higher porosity. The BET
results were confirmed by SEM images as well, shown in Figure 4.6. The microspheres obtained
from 12.5 wt% PAM precursor had the lowest porosity and largest crystal size (~40 µm) among
the three types of microspheres. When the PAM content was increased to 20 wt%, the crystal size
substantially decreased to 5.5 ± 2.0 µm, and the pores with an average diameter of 2 ± 0.5 µm
were observed. The average diameter of those porous microspheres from the precursor with 20
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wt% PAM addition was between 800 µm and 900 µm. The porous ceria microspheres maintained
a good spherical shape without any collapses. Although higher PAM content could lead to a larger
specific surface area, we found that too much PAM addition (30 wt%) led to excessive porosity
and disintegration of the microsphere. After heat treatment at 1500°C, many of the microspheres
from the precursor with 30 wt% PAM addition were broken (Figure 4.6 (e) and (f)) due to
insufficient ceria to support microsphere structure. Thus, we chose the ceria microspheres
synthesized from precursor with 20 wt% PAM for the thermochemical reaction cycling test. This
porous microstructure made the ceria microsphere promising for the CO2 splitting due to the large
specific surface area and structural stability.

Table 4.1. Specific surface area and pore size of the CeO2 microspheres sintered at 1500°C for 1
h
PAM content
(wt %) in the
precursor
12.5
20
30

Specific surface area
(m2/g)

Average pore
size (µm)

Sphericity

not detectable
2.9
4.0

<1
2 ± 0.5
30 ± 10

Good
Good
Poor
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Figure 4.6. SEM micrographs of porous CeO2 microspheres obtained from Ce-based sol with
different PAM contents. All the samples were heated at 1500°C for 1 h. (a) and (b): 12.5 wt%
PAM addition. (c) and (d):20 wt% PAM addition. (e) and (f): 30 wt% PAM addition.
4.3.4 The porous ceria microspheres for thermochemical CO2 splitting
We characterized the CO2 spliting performance of CeO2 microspheres and CeO2 power (as
the control) using TGA, shown in Figure 4.7. During the two-step CO2 splitting, at high
temperature (i.e. 1400°C), ceria lost weight as oxygen is released from the lattice. At low
temperature (i.e. 1000°C), ceria gained weight as it seized oxygen from CO2 and produced CO.
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For five consecutive cycles, both porous ceria microspheres and reference ceria powder showed
consistent weight changes for each cycle. Compared to the reference ceria powder, the porous
microspheres showed a higher CO production rate per unit weight of ceria, per cycle, as shown in
Figure 4.8. In the first cycle, the material was not stabilized and the mass change cannot be used
to calculate the CO yield. Based on the last four cycles, the CO production rate of porous ceria
microspheres is about 23 % higher than the reference ceria powders with the average value of 88.1
± 1.7 µmol/g of CeO2 per cycle. The average CO production yield per cycle of control ceria
powder was about 71.6 ± 1.4 µmol/g CeO2 per cycle. The higher CO production rate of the porous
ceria microspheres was probably due to the high porosity and specific surface area. These
microstructural features allow fast CO2 reaction with ceria and quick compositional saturation
during each cycle.
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Figure 4.7. TGA of five consecutive thermal cycles with pre-sintered CeO2 powders and porous
ceria microspheres.
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Figure 4.8. The CO production rate of powders and porous microspheres during 4 thermal
cycles.
4.3.5 The sphericity
One of the most important advantages of porous ceria microspheres for the fluidized-bed
solar reactor is the movability. The sphericity of ceria microspheres was tested by rolling down a
slope with an inclination angle of 12 degrees. Each time, a ceria microsphere was placed on a glass
platform and rolled downwards from the top with zero initial velocity. This process was recorded
by a high CCD camera. We tested fifty microspheres, and all ceria microspheres reached the
bottom in approximately the same time.
4.3.6 The high-temperature microstructure stability
The porous ceria microsphere showed both good microstructure stability and
microstructure evolution after 5 thermal cycles. We did not push for more thermal cycles, because
the upper bound of the testing temperature is close to the temperature limit of the instrument. As
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shown in Figure 4.9, the porous ceria microspheres retained porous microstructure after five cycles
while significantly pore elimination and grain growth were observed in the reference ceria powder.

Figure 4.9. SEM images of porous microspheres before (a) and after (b) 5 thermal cycles;
reference ceria powder before (c) and after (d) 5 thermal cycles.
4.4 Conclusion
In this chapter, we demonstrate the processing of porous ceria microspheres from the solgel precursors. The homogenous Ce-based sol was obtained using ACAC as chelation agent. AM
was added to the precursor as the solidifier and pore-forming agent. The solid gel microspheres
were obtained after AM was cross-linked and PAM was formed. The PAM addition did not alter
the molecule structure of the ceria sol, or the crystallization behaviors of the gel microspheres. We
determined that optimal PAM addition lies around 20 wt%. Too little PAM additions (e.g. 12.5
wt%) did not result in sufficient porosity. Too many PAM additions (e.g., 30 wt%) caused the
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collapse and disintegration of the microspheres after thermal decomposition, because there was
insufficient ceria to support the microsphere.
The reaction performance of the porous ceria microspheres for CO2 splitting was
characterized in five thermochemical cycles in the temperature range of 1000°C to 1400°C. The
porous ceria microspheres showed about 23% higher CO production rate compared to reference
ceria powder. After thermos-cycling, the porous microspheres showed slight decrease of surface
area and porosity and increase in grain size.
4.5 Reference
1. Chueh, W. C., McDaniel, A. H., Grass, M. E., Hao, Y., Jabeen, N., Liu, Z., ... & El
Gabaly, F. (2012). Highly enhanced concentration and stability of reactive Ce3+ on doped CeO2
surface revealed in operando. Chemistry of Materials, 24(10), 1876-1882.
2. Sørensen, O. T. (1976). Thermodynamic studies of the phase relationships of
nonstoichiometric cerium oxides at higher temperatures. Journal of Solid State Chemistry, 18(3),
217-233.
3. Furler, P., Scheffe, J. R., & Steinfeld, A. (2012). Syngas production by simultaneous
splitting of H2O and CO 2 via ceria redox reactions in a high-temperature solar reactor. Energy
& Environmental Science, 5(3), 6098-6103.
4. Scheffe, J. R., & Steinfeld, A. (2012). Thermodynamic analysis of cerium-based
oxides for solar thermochemical fuel production. Energy & Fuels, 26(3), 1928-1936.
5. Bhosale, R. R., Takalkar, G., Sutar, P., Kumar, A., AlMomani, F., & Khraisheh, M.
(2019). A decade of ceria based solar thermochemical H2O/CO2 splitting cycle. International
Journal of Hydrogen Energy, 44(1), 34-60.

94

6. Abanades, S., Charvin, P., Lemont, F., & Flamant, G. (2008). Novel two-step
SnO2/SnO water-splitting cycle for solar thermochemical production of hydrogen. International
Journal of Hydrogen Energy, 33(21), 6021-6030.
7. Oliveira, F. A. C., Barreiros, M. A., Abanades, S., Caetano, A. P., Novais, R. M., &
Pullar, R. C. (2018). Solar thermochemical CO2 splitting using cork-templated ceria
ecoceramics. Journal of CO2 Utilization, 26, 552-563.
8. Xiao, L., Wu, S. Y., & Li, Y. R. (2012). Advances in solar hydrogen production via
two-step water-splitting thermochemical cycles based on metal redox reactions. Renewable
Energy, 41, 1-12.
9. Takacs, M., Hoes, M., Caduff, M., Cooper, T., Scheffe, J. R., & Steinfeld, A. (2016).
Oxygen nonstoichiometry, defect equilibria, and thermodynamic characterization of LaMnO3
perovskites with Ca/Sr A-site and Al B-site doping. Acta Materialia, 103, 700-710.
10. Roeb, M., Neises, M., Monnerie, N., Call, F., Simon, H., Sattler, C., ... & Pitz-Paal,
R. (2012). Materials-related aspects of thermochemical water and carbon dioxide splitting: a
review. Materials, 5(11), 2015-2054.
11. Hao, Y., Yang, C. K., & Haile, S. M. (2013). High-temperature isothermal chemical
cycling for solar-driven fuel production. Physical Chemistry Chemical Physics, 15(40), 1708417092.
12. Mogensen, M., Sammes, N. M., & Tompsett, G. A. (2000). Physical, chemical and
electrochemical properties of pure and doped ceria. Solid State Ionics, 129(1-4), 63-94.
13. Trimm, D. L. (2005). Minimisation of carbon monoxide in a hydrogen stream for
fuel cell application. Applied Catalysis A: General, 296(1), 1-11.

95

14. Joensen, F., & Rostrup-Nielsen, J. R. (2002). Conversion of hydrocarbons and
alcohols for fuel cells. Journal of Power Sources, 105(2), 195-201.
15. Venstrom, L. J., Petkovich, N., Rudisill, S., Stein, A., & Davidson, J. H. (2011,
January). The oxidation of macroporous cerium and cerium-zirconium oxide for the solar
thermochemical production of fuels. In Energy Sustainability (Vol. 54686, pp. 1585-1593).
16. Rudisill, S. G., Venstrom, L. J., Petkovich, N. D., Quan, T., Hein, N., Boman, D. B.,
... & Stein, A. (2013). Enhanced oxidation kinetics in thermochemical cycling of CeO2 through
templated porosity. The Journal of Physical Chemistry C, 117(4), 1692-1700.
17. Furler, P., Scheffe, J., Marxer, D., Gorbar, M., Bonk, A., Vogt, U., & Steinfeld, A.
(2014). Thermochemical CO 2 splitting via redox cycling of ceria reticulated foam structures
with dual-scale porosities. Physical Chemistry Chemical Physics, 16(22), 10503-10511.
18. Fang, B., Bonakdarpour, A., Reilly, K., Xing, Y., Taghipour, F., & Wilkinson, D. P.
(2014). Large-scale synthesis of TiO2 microspheres with hierarchical nanostructure for highly
efficient photodriven reduction of CO2 to CH4. ACS applied materials & interfaces, 6(17),
15488-15498.
19. Babitha, K. K., Sreedevi, A., Priyanka, K. P., Sabu, B., & Varghese, T. (2015).
Structural characterization and optical studies of CeO2 nanoparticles synthesized by chemical
precipitation. Indian Journal of Pure & Applied Physics (IJPAP), 53(9), 596-603.
20. Tóth, I., Szépvölgyi, J., Jakab, E., Szabó, P., & Székely, T. (1990). Thermal
decomposition of a bentonite-polyacrylamide complex. Thermochimica acta, 170, 155-166.
21. Reilly, K.; Taghipour, F.; Wilkinson, D. P.; International, J. P., Photocatalytic
hydrogen production in a UV-irradiated fluidized bed reactor. Whec 2012 Conference
Proceedings - 19th World Hydrogen Energy Conference 2012, 29, 513-521.

96

22. Yang, Y., Song, S., & Zhao, Z. (2017). Graphene oxide (GO)/polyacrylamide (PAM)
composite hydrogels as efficient cationic dye adsorbents. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 513, 315-324.
23. Cullity, B. D. and Stock, S. R. (2001). Elements of X-ray Diffraction. 3rd Ed.
Pearson.

97

CHAPTER V
POROUS ZR-DOPED CERIA MICROSPHERES FOR THERMOCHEMICAL SPLITTING OF
CARBON DIOXIDE
5.1 Introduction
Splitting CO2 to CO, with further conversion to liquid fuels (e.g. ethanol) is a promising
solution for providing renewable fuels. Concentrated solar reactors have been developed to convert
CO2 into CO, using cerium oxide as the catalyst

1-7

. The two-step reactions of carbon dioxide

splitting are summarized as follows:
High temperature:
Low temperature:

𝛿𝛿

𝐶𝐶𝐶𝐶𝑂𝑂2 → 𝐶𝐶𝐶𝐶𝑂𝑂2−𝛿𝛿 + 𝑂𝑂2
2

𝐶𝐶𝐶𝐶𝑂𝑂2−𝛿𝛿 + 𝛿𝛿𝐶𝐶𝐶𝐶2 → 𝐶𝐶𝐶𝐶𝑂𝑂2 + 𝛿𝛿𝛿𝛿𝛿𝛿

(5.1)
(5.2)

At high temperatures (e.g. 1400°C), ceria releases oxygen, resulting an oxygen-deficient
lattice1, 9, 10. At low temperatures (e.g. 600 - 800°C), ceria reacts with CO2 to produce CO, and
restores oxygen content in the lattice1-3, 8, 11.
Recently, people found that doping Zr or Hf can create more oxygen vacancies in ceria
lattice, increasing oxygen mobility and overcoming limitations of reduction capacity of ceria1, 2, 8,
9, 12

. However, excessive Zr doping (e.g. more than 20 mol%) will cause phase separation and

possible formation of the tetragonal ZrO29, 12. When the Zr-doping concentration was 25 mol%,
the CO2 splitting rate was reduced due to the excessive Zr8, 12. Thus, in this study, the concentration
of Zr, doped in ceria were chosen as 10 mol% and 20 mol%.
To scale up the solar thermochemical splitting of CO2, people proposed fluidized-bed-type
reactors13-16,21. For these types of solar reactors, spherical ceria microspheres are highly desired
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because ceramic microspheres can roll in the reactor. On the other hand, higher specific surface
area of ceria is also important5-7, 17 , which is a general rule for all catalysts.
Thus, the goal of this research is to demonstrate and characterize the porous Zr-doped ceria
microspheres. To our knowledge, porous ceria microspheres have not been reported. In a recent
paper, porous TiO2 microspheres have been demonstrated for the photo-catalytic CO2 reduction in
a fluidized-bed reactor13, 16. In this paper, we report the processing of porous Zr-doped ceria
microsphere, and the performance of these materials for thermochemical CO2 splitting during
thermal cycles.
5.2 Experimental procedure
5.2.1 Ce1-xZrxO2 sol preparation
The Ce1-xZrxO2 (x = 0.1 and 0.2) precursors were prepared by dissolving cerium acetate
(Ce(C2H3O2)3•1.5H2O, 99.9%, Alfa Aesar, Russia) powder, zirconium acetate (Zr(C2H4O3)•
2.3H2O, 99%, Sigma-Aldrich, USA) powder, and 2,4-pentanediol (ACAC, 99%, Alfa Aesar,
USA) in 40 ml acetate acid (98%, Alfa Aesar, USA) solvent. The molar ratio of the sum of cerium
and zirconium versus ACAC was 4:1. The molar ratios of Ce: Zr were 9:1 for Ce0.9Zr0.1O2 and 8:2
for Ce0.8Zr0.2O2.
The mixtures were refluxed in an 80°C oil bath for 3 hours and then cooled down to room
temperature. After cooling down, the clear light-yellow solutions were obtained. Two moles
deionized water was added and the solution’s pH value was adjusted to 2.5 using nitrate acid
solution (pH = 1). The solution was aged in an oven at 80°C. After 24 hours, a dark brown
transparent sol was obtained. This sol was very viscous, and the concentration was approximately
3M. The sol was then diluted into 1.5 M using acetic acid.
5.2.2 Gel sphere fabrication and thermal decomposition
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The 1.5 M Ce-based sol was mixed with the 20 wt% monomer acrylamide (SigmaAldrich, MO, USA) and initiators (ammonium persulfate (Sigma-Aldrich, MO, USA) and N-Nmethylene bis (Sigma-Aldrich, MO, USA)) by ultrasonic dissolution. Here, 20 wt% was calculated
based on the total ceramic yield. The prepared solution was placed in a 3 mL plastic syringe and
pumped into an 80°C oil bath using a syringe pump (Model NE-300; New Era Pump System Inc.,
Farmingdale, NY). After 15 min, the gelation and polymerization were completed, and gel
microspheres were obtained. The heating treatments were carried out in a box furnace and the gel
spheres were heated in the air at a heating rate of 0.2 °C/min to 1500 °C for 1 h. The porous ceramic
microspheres were obtained.
5.2.3 Reference pure ceria and Zr-doped ceria powders
To evaluate the performance of porous microspheres, we also prepare the pure ceria and
Zr-doped ceria powder samples, as the reference. To prepare pure ceria reference powder,
commercial ceria powder (Sigma Aldrich, 99.9% purity, particle size < 5 µm) was heated at
1500°C for 1 h. Then the powder was crushed and sieved to select the size between 0.8 mm to 1
mm. The particle sizes of the reference powders were similar to the diameter of the porous
microspheres.
To prepare Ce0.8Zr0.2O2 and Ce0.9Zr0.1O2 reference powders, commercial cerium oxide
powder (Sigma Aldrich, 99.9% purity, particle size < 5 µm) and zirconia powder (Sigma Aldrich,
99.9% purity, particle size < 5 µm) were mixed with a molar ratio of 9: 1 and 8: 2, respectively.
Then these powders were ball milled for 24 h. The solid-state reaction was carried out at 1500 °C
for 1 h. Then the powders were crushed and sieved to select the size between 0.8 mm to 1 mm.
5.2.4 Material characterization
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The crystalline phase of Zr-doped CeO2 microspheres after firing was identified using Xray diffraction (X-ray diffractometer, Rigaku Co., Ltd., Tokyo, Japan) and the microstructure of
the microspheres were characterized using scanning electron microscopy (SEM, Hitachi S4800,
Hitachi, Ltd., Tokyo, Japan). The decomposition and crystallization behaviors of dried sols were
characterized using thermogravimetric analysis (TGA7, PerkinElmer, Waltham, MA, USA). The
surface areas of the porous microspheres were characterized using an Autosorb iQ gas sorption
analyzer. Samples were degassed at 300 °C for 6 h under a pressure of 0.001 Torr. Specific surface
areas were calculated by the Brunauer–Emmett–Teller (BET) method using the adsorption
branches of the isotherms and pore volumes were calculated by the Barrett-Joyner-Halenda (BJH)
method.
5.2.5 Evaluate the performance of porous Zr-doped ceria microspheres for thermochemical
CO2 splitting
The performance of the thermochemical splitting of CO2 was tested using the simultaneous
STA apparatus (Netzsch STA model 449 F3, Burlington, MA, USA) under controlled
environments. For one typical thermal cycle, the samples were heated to 1400°C at a heating rate
of 20°C/min under the following Argon (20 mL/min), and isothermally soaked at 1400°C for 1 h.
Then the temperature was reduced from 1400°C to a low temperature (e.g. 800°C or 600°C, for
two different thermal cycling tests) at a cooling rate of 20°C/min. When the low temperature was
reached, flowing mixture of 20% CO2 - Ar gas with a total flow rate of 20 mL/min, was flushed
into the chamber. The isothermal duration at low temperature was set to be 1 h. When the low
temperature soaking was completed, the flowing gas was switched to Ar and the temperature was
raised back to 1400°C. The same thermochemical reaction cycles were repeated for 12 times. Since
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the first cycle was directly heated from room temperature to1400°C, the CO production data were
calculated starting from the second cycle.
5.3 Results and discussion
5.3.1 The characteristics of cerium precursors and gel microspheres
During the sol-gel transition, cerium acetate hydrolysized under the appropriate pH value
(i.e., 2.15 in our study), and inorganic molecular backbone (Ce-O-Ce) was formed, as shown in
Figure 5.1. The Ce-O-Ce stretching vibration was observed at 814 cm-1, but not in the cerium
acetate19. After acrylamide (AM) was added to the sol and cross-linked together with the cerium
sol, we found that Ce-O-Ce stretching vibration peak was still quite strong. No new chemical bonds
between cerium gel and polyacrylamide (PAM) were found. When PAM is added to the system,
the two new peaks at 3340 cm-1 and 1101 cm-1 correspond to the N–H asymmetric stretching and
C–C asymmetric stretching characterization bands in the PAM chain20. Thus, the PAM did not
react with the cerium sol, but rather cross-linked with itself. The role of the PAM addition is to
solidifies gel by absorbing the solvent22, and creates porosity when decomposes at high
temperatures.
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Figure 5.1. FT-IR spectra of (a) concentrated Ce-based gels, (b) solidified Ce-based gel with 20
wt% PAM, and (c) pure cerium acetate powder.
One of the biggest challenges of forming gel microspheres was the fact that the cerium sol
alone did not solidify without solvent evaporation. When the droplets were submersed in the
hexadecane solution, the solvent in the droplets cannot evaporate. Adding acrylaminde in the
precursor can cause droplet solidification. The polymerization of acrylamide (AM) usually takes
place at 80°C. We characterized the effect of monomer contents on the viscosity evolution of the
liquid precursor. As shown in Figure 5.2, we found that for a higher AM content, the viscosity of
the precursor increased faster. The viscosities of all samples showed exponential growth with time.
When PAM content was 20 wt%, a solid-like gel was obtained within 10 min of curing. As shown
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in Figure 3, solid gel microspheres were obtained with the PAM addition. These gel microspheres
were strong enough to be handled.

Figure 5.2. Viscosities of sols with different acrylamide (AM) contents versus polymerization
time at 80°C.
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Figure 5.3. Solid gel microspheres.
5.3.2 Thermal decomposition and crystallization
The thermal decomposition of Ce1-xZrxO2 precursors was characterized using TGA, as
shown in Figure 5.4. The two compositions showed similar decomposition behavior. Before
200°C, the small weight loss (5 wt%) was due to the residual solvent (e.g. acetic acid and water)
evaporation. There was significant weight loss between 400°C and 600°C, which was due to the
decomposition of organic components, such as acetates and ACAC. Both compositions lost about
50 wt% at about 600°C. Between 600 to 800°C, the decomposition substantially slowed down,
indicating the completion of organic decomposition and formation of inorganic ceramics. When
the temperature reached above1000°C, there were slow but steady weight losses for both samples,
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which indicates the continuous loss of oxygen in the lattice. The final ceramic yield of
Ce0.9Zr0.1O2gel was 45%, and that of Ce0.8Zr0.2O2 gel was 42%.

Figure 5.4. TGA of thermal decomposition behavior of Ce1-xZrxO2 samples. Samples were heated
to 1300°C at 5°C/min under following air.
The crystalline phases of the Zr-doped ceria microspheres of both compositions, after heattreatment at 1500°C, are shown in Figure 5.5. Pure cubic fluorite structure was the only crystalline
phase of Ce0.9Zr0.1O2 and Ce0.8Zr0.2O2. This indicates that ZrO2 was incorporated in the CeO2
lattice, forming a solid solution23. There was a small peak shift for both Zr-doped ceria compounds
to the higher angles. The peak shift was caused by small size Zr4+ (0.84 Å) substituting Ce4+ (0.94
Å).
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Figure 5.5. XRD traces of Ce1-xZrxO2 samples after thermal decomposition and heat-treatment at
1500°C for 1 h.
5.3.3 Microstructure of Ce1-xZrxO2 microspheres after heat-treated at 1500°C for 1 h
As shown in Figures 5.6 and 5.7, both Ce0.9Zr0.1O2 and Ce0.8Zr0.2O2 porous microspheres
showed spherical shapes. However, the Ce0.8Zr0.2O2 microspheres had much more uniform
microstructure than the Ce0.9Zr0.1O2 microspheres. The Ce0.9Zr0.1O2 microspheres had
heterogeneous microstructure and showed large pores and elongated. The microstructure of
Ce0.8Zr0.2O2 microspheres showed uniform porous microstructure. This vast microstructure
difference might be caused by the different diffusion mechanisms corresponding to the Zr4+ doping
concentrations.
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Figure 5.6. SEM micrographs of porous Ce0.9Zr0.1O2 microsphere heat-treated at 1500 °C for 1
h

Figure 5.7. SEM images of porous Ce0.8Zr0.2O2 microsphere heat-treated at 1500 °C for 1h
5.3.4 The thermochemical CO2-splitting performance of Zr-doped ceria porous
microspheres
5.3.4.1 The continuous thermochemical cycles
The carbon dioxide splitting performances of the porous microspheres were characterized
with 12 successive thermal cycles in a TGA chamber, as shown in Figure 5.8. As a reference, we
also characterized the CO2 splitting performances of Ce0.9Zr0.1O2 and Ce0.8Zr0.2O2 porous powders.
At low temperature (i.e., 800°C), the Zr-doped ceria gained weight by extracting oxygen from
CO2, and forming CO. At high temperature (i.e., 1400°C), Zr-doped ceria released O2 and lost
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weight. The relative mass changes during these cycles indicated the extents of the reactions. From
Figure 5.8, we can see that for all the samples, the CO2 splitting performances were quite
repeatable. The weight losses and gains were similar for all cycles.

Figure 5.8. Time-dependent weight changes of porous Ce1-xZrxO2 (x=0.1,0.2) microspheres, and
reference Ce1-xZrxO2 (x=0.1,0.2) powders, and pure CeO2 powder.
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The thermochemical CO2 splitting performances of all the ceria-based samples were
compared based on the normalized CO yield during each cycle. The materials approximately
reached maximum mass at the end of each low temperature isothermal stage, when the sample
𝛿𝛿

captured the oxygen, due to the reaction: 𝐶𝐶𝐶𝐶1−𝑥𝑥 𝑍𝑍𝑍𝑍𝑥𝑥 𝑂𝑂2 → 𝐶𝐶𝐶𝐶1−𝑥𝑥 𝑍𝑍𝑍𝑍𝑥𝑥 𝑂𝑂2−𝛿𝛿 + 𝑂𝑂2 . The minimum
2

mass was reached at the end of high temperature isothermal stage, when the sample released
𝛿𝛿

oxygen due to the reaction: 𝐶𝐶𝐶𝐶1−𝑥𝑥 𝑍𝑍𝑍𝑍𝑥𝑥 𝑂𝑂2 → 𝐶𝐶𝐶𝐶1−𝑥𝑥 𝑍𝑍𝑍𝑍𝑂𝑂2−𝛿𝛿 + 𝑂𝑂2 . The difference between the two
2

end-of-stage masses was caused by oxygen content changes in the sample. For each mole of
oxygen atoms captured from CO2, there was one mole of CO produced. Thus, the weight changes
during each cycle can be used to calculate the CO yield per cycle. We also need to normalize the
mass change based on the total weight of the sample. Thus, the CO yield per cycle is calculated
based on the following equation:
𝜂𝜂𝑐𝑐𝑐𝑐 =

∆𝑚𝑚

𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑀𝑀𝑂𝑂

(5.3)

[𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇/𝑔𝑔]

where ηCO is CO yield for each cycle, meaning the moles of CO produced per gram of
ceria-based material for each cycle; the ∆m is the relative mass change, measured using TGA;
mtotal is the total sample weight; MO is the molar weight of oxygen atoms. From the results in
Figure 5.8, we can obtain the CO production yield in each cycle is shown in Figure 5.9.

110

Figure 5.9. CO yield of cerium-based samples for each thermochemical cycle.
5.3.4.2 The effects of Zr doping concentration and microstructure on the CO2 splitting
efficiency
There are two most import factors that influence the CO yield as shown in Figure 5.9.
These two factors are the Zr doping concentration and the microstructure. The Zr doping
concentration is the dominant factor. Both Ce0.8Zr0.2O2 porous microspheres and reference powder
have the higher CO yield than the 10mol% Zr doped samples. The Ce0.9Zr0.1O2 samples exhibited
higher CO2 splitting efficiency than the pure CeO2 powder.
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For the same composition, porous microspheres have a higher CO production yield than
the reference powder. For example, the porous Ce0.8Zr0.2O2 microspheres had higher CO yield than
the Ce0.8Zr0.2O2 reference powder. This is also true for the Ce0.9Zr0.1O2 microspheres and reference
powder. The high CO yield of porous microspheres were due to the large porosity and surface
area. As shown in Figure 5.10, the reference powder had lower porosity and surface areas than the
porous microspheres (Figures 5.6 and 5.7).

Figure 5.10. The microstructure of reference Zr-doped ceria powder. (a) Ce0.9Zr0.1O2 powder;
(b) Ce0.8Zr0.2O2 powder.
5.3.4.3 The effects of temperature on the CO2 splitting efficiency
We also carried out the thermochemical reactions at a different temperature recipe to study
the temperature effect on the CO yield per cycle. In this recipe, the reaction temperature between
ceria-based samples and CO2 was at 600°C. We fixed upper bound temperature because further
increase the reduction temperature would cause rapid microstructure deterioration. The CO yields
are compared in Figure 5.10. The effects of Zr doping concentration and microstructure on the CO
yield are similar for both temperature ranges. When the oxidization temperature decreased from
800°C to 600°C, the CO yield of all samples decreased. Although at a lower temperature, the
driving force for the cerium-based material to capture oxygen from CO2 is larger1, 8, 18, a lower
temperature also reduces the thermally activated reaction kinetics. The results in Figure 5.11 shows
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that the re-oxidation reaction at low temperature is limited by diffusion-controlled kinetics, not the
driving force.

Figure 5.11. CO yield per thermochemical cycle for different reaction temperature ranges.
5.3.5 The microstructure stability of porous microspheres over thermal cycles
After 12 thermal cycles, porous Zr-doped ceria microspheres of both compositions showed
cubic ceria phase without any phase separation, as shown in Figure 5.12.

113

Figure 5.12. XRD traces of porous Ce1-xZrxO2 microspheres after 12 redox thermal cycles.

The microstructure of the porous microspheres after thermal cycling is shown in Figures
5.13 and 5.14. For both compositions, the porous microspheres maintained good spherical shape.
The microspheres were not sintered together and maintained individuality. Since the microspheres
had point-to-point contact with each other, they are not likely to be sintered together. For the
Ce0.8Zr0.2O2 microspheres, grain growth was observed, but substantial porosity survived the
thermal cycling. One interesting phenomenon is that, for Ce0.9Zr0.1O2 microspheres, the elongated
grains disappeared, and only uniaxial grains were observed. There was probably recrystallization
during the thermal cycling.
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Figure 5.13. SEM images of porous Ce0.8Zr0.2O2 microsphere after 12 thermochemical cycles. a)
Two microsphere samples and b) surface of microspheres.

Figure 5.14. SEM micrographs of porous Ce0.9Zr0.1O2 microsphere after 12 thermochemical
cycles. a) One single microsphere sample and b) porous surface of microspheres.
The microstructure stability of the microspheres was further confirmed by the BET results.
The specific surface areas of each porous Zr-doped ceria samples are shown in Table 5.1. The BET
analysis indicates that the specific surface area of both samples decreases after the thermal cycles
due to sintering and grain coarsening. The porous Ce0.9Zr0.1O2 microspheres had larger surface
area and surface area reduction at the same time, than the Ce0.8Zr0.2O2 microspheres.
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Table 5.1.

The specific surface area of Ce1-xZrxO2 porous microspheres before and after the
thermal cycles
Sample name

Porous Ce0.9Zr0.1O2 microspheres
Porous Ce0.8Zr0.2O2 microspheres

Before thermal cycles
After 12 cycles
Specific surface area (m2/g)
3.6
2.8
2.5
2.4

5.4 Conclusion
In this chapter, we demonstrate the fabrication porous Zr-doped ceria (Ce0.8Zr0.2O2 and
Ce0.9Zr0.1O2) microspheres using the sol-gel process and their performance in thermochemical
CO2 splitting. The microspheres are the highly desired catalyst for the fluidized-bed type solar
thermochemical reactors. To convert the sol droplets to solid gel microspheres, acrylamide was
added to the sol-gel precursor as the solidifier and pore forming agent, upon its polymerization.
After thermal decomposition, cubic ceria was the only crystalline phase for both compositions.
Zirconium oxide and cerium oxide formed solid solution. After sintering at 1500°C for 1 hour,
porous microspheres were obtained. The Ce0.9Zr0.1O2 microspheres showed elongated grains while
Ce0.8Zr0.2O2 microspheres showed uniaxial grains. For twelve thermocycles between 800°C and
1400°C, the porous microspheres had a higher CO production yield than the reference powder of
the same compositions. A higher Zr concentration resulted in a better CO yield. We also
characterized the CO yield using another thermal cycling recipe (i.e., 600°C to 1400°C). We found
that a lower re-oxidation temperature did not improve the overall CO yield, indicating that the
reaction kinetics is diffusion controlled, rather than driving force controlled. After thermal cycles,
the microspheres maintained the spherical shape and individuality. After thermal cycling, grain
coarsening and reduction of porosity were observed for porous microspheres of both compositions.
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The porous Ce0.8Zr0.2O2 microspheres demonstrated more resilience against thermal degrading
than the Ce0.9Zr0.1O2 microspheres.
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CHAPTER V
CONCLUSION
This dissertation is aimed at using the sol-gel process with polymer additives to fabricate
the cerium- and uranium-based ceramic microspheres. The research on the combination of the solgel process and polymerization is focused on the desired microstructure and homogenous
composition, which cannot easily be archived using the current technologies. On the contrary, the
study on introducing polymer additives to the metal-oxide-based sol-gel precursors is targeting the
formation of porous microspheres for carbon monoxide generation.
Dense ceramic microspheres, such as uranium oxide, uranium carbide, and nitride, are
generally utilized in nuclear fuels due to their high density, high melting point, and good thermal
conductivity. However, the current method such as the internal gelation is not favorable because
of the unfriendly chemistry and inhomogeneous composition. Therefore, in this research work, a
novel approach was developed to fabricate dense ceramic microspheres. To start with, cerium
oxide was applied as the surrogate material. The unique character of this method is that the
chelating agent GMA is applied as the monomer and the liquid droplet is solidfied into solid gel
sphere by polymerizing GMA. After firing at high temperatures, the dense ceria microspheres with
high density and excellent spherical shape were obtained. This method is easy to be large scaled
up and the high ceramic yield ensured the high density.
Extending the same sol-gel process cooperated with the polymerization method to the
uranyl ions, a series of dense uranium-based ceramic microspheres were successfully fabricated.
The phenolic resin was applied as the carbon source due to the high carbon yield and good
dissolvability with the uranium-based sol. The phenolic resin used in this thesis was around 50
wt%, which avoided the large shrinkage during carbothermal reduction. After adjusting carbon
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ratio, reduction temperature, and the reaction atmosphere, phase pure uranium moncarbide (UC)
and dicarbide (UC2) microspheres were obtained. The uranium nitride (U2N3) microsphere was
synthesized by nitride formation under 5% H2/N2 following gas at 1200°C for 48h. The future
work will be aimed at decomposition of the U2N3 and the sintering behavior of UN microspheres.
Different from the previous study, the porous ceria microspheres are successfully
fabricated starting with the sol-gel processor with additional monomers, AM. Porous ceria-based
materials are very useful in thermochemical reactions, especially incorporated into fluidized bed
reactors for carbon monoxide generation. However, it is difficult to fabricate the porous ceramic
microspheres starting with powders and it is also a challenge using only the sol-gel process due to
long time drying. The main idea of this method is that the monomers can not only keep the
spherical shape via polymerization but act as the pore generators when they are decomposed. After
heating the gel spheres to 1500°C, we successfully obtained porous ceria microspheres with a good
specific surface area and good spherical shape. The thermochemical performance for carbon
dioxide splitting was carried on using a TGA. The results show that the CO yield of porous ceria
microspheres was 20% more than the CO generated from the reference ceria powders, which
indicates that the morphology evolution can improve the reaction rate and kinetics. Furthermore,
after serval redox reaction cycles, the porous microspheres remained a good spherical shape and
the porous microstructure.
The same fabrication technique was also applied to achieve porous Zr-doped ceria
microspheres. The Zr-doped ceria solid solutions were obtained with up to 20 mol% Zr without a
second phase. The thermochemical performance was excellent with 50 % more CO yield. This
study shows the importance of the doping effect towards the morphology influence. Even the 10
mol% doped ceria microspheres had larger specific surface areas, the oxygen yield was lower than
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the 20%mol sample due to the contribution of Zr, decreasing the enthalpy and creating more
oxygen vacancies. Also, the temperature effects were investigated, and increasing the temperatures
for both oxidation and reduction, the reaction rates are improved as well.
In summary, all the research work presents that we not only created a new approach for
phase pure, dense ceramic microsphere fabrication by combining polymerization and sol-gel
process, but successfully applied polymerization to sol-gel and fabricated porous ceramic
microspheres.
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APPENDICES
Appendix A
Thermodynamic analyses of the formation of UN (CeN) from UO2 (CeO2)
Normally nitrogen gas or ammonia is used as the nitrogen source, and carbon or hydrogen
is used as the reducing agent. Thus, it is necessary to carry out brief thermodynamic analyses to
see which reactions are more favorable. The data are obtained from the JANAF-NIST table in the
following analyses.
In the following analyses, we will see that all the reactions to convert UO2 to the UN are
very similar to the reactions to convert CeO2 to CeN, in terms of thermodynamic features.
The first question is whether it is possible to directly convert UO2 (CeO2) to the UN (CeN)?
3
𝑈𝑈𝑈𝑈2 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 2𝑁𝑁𝑁𝑁 (𝑔𝑔)
2

3
𝐶𝐶𝐶𝐶𝐶𝐶2 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 2𝑁𝑁𝑁𝑁 (𝑔𝑔)
2

(𝑢𝑢1)
(𝑐𝑐1)

The Gibbs energy of these two reactions is plotted in Figure A1. We can see both reactions
have large positive Gibbs energies of reaction. Which means even at 2000K, the reaction constant
extremely small. For example, the reaction constant of u1:
𝑘𝑘𝑢𝑢1 =

2
𝑝𝑝𝑁𝑁𝑁𝑁

3/2
𝑝𝑝𝑁𝑁2

= 2.88 × 10−20 𝑎𝑎𝑎𝑎 2000𝐾𝐾

The reactions of u1 and c1 are highly unlikely to happen.
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Figure A1. Reaction Gibbs energies and reaction constants of reactions u1 and c1.
A.1 Ammonia and carbon:
If ammonia is used to reduce UO2 (CeO2) to UN (CeN), the possible reactions are
4
1
𝑈𝑈𝑈𝑈2 (𝑠𝑠) + 𝑁𝑁𝐻𝐻3 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 2𝐻𝐻2 𝑂𝑂 (𝑔𝑔) + 𝑁𝑁2 (𝑔𝑔)
3
6

4
1
𝐶𝐶𝐶𝐶𝐶𝐶2 (𝑠𝑠) + 𝑁𝑁𝐻𝐻3 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 2𝐻𝐻2 𝑂𝑂 (𝑔𝑔) + 𝑁𝑁2 (𝑔𝑔)
3
6

If carbon co-exists with ammonia, the possible reactions are

(𝑢𝑢2)
(𝑐𝑐2)

3
𝑈𝑈𝑈𝑈2 (𝑠𝑠) + 𝑁𝑁𝐻𝐻3 (𝑔𝑔) + 2𝐶𝐶 (𝑠𝑠) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 2𝐶𝐶𝐶𝐶 (𝑔𝑔) + 𝐻𝐻2 (𝑔𝑔) (𝑢𝑢3)
2

3
𝐶𝐶𝐶𝐶𝐶𝐶2 (𝑠𝑠) + 𝑁𝑁𝐻𝐻3 (𝑔𝑔) + 2𝐶𝐶 (𝑠𝑠) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 2𝐶𝐶𝐶𝐶 (𝑔𝑔) + 𝐻𝐻2 (𝑔𝑔) (𝑐𝑐3)
2

124

400
300
200
100
0
-100
-200

Reaction Gibbs energy of reactions
u2
c2
u3
c3
Reaction constant of
ku2
kc2
ku3
kc3

400

800

1200

1600

Reaction constant k

Gibbs energy of reaction (kJ/mol)

10000
1000
100
10
1
0.1
0.01
1E-3
1E-4
1E-5
1E-6
1E-7
1E-8
1E-9
1E-10

500

2000

Temperature (K)
Figure A2. Reaction Gibbs energies and constants of reactions u2, c2, u3, and c3.
As seen from Figure A2, reactions u3 and c3 are much more favorable than u2 and c2.
Although reactions u2 and c2 may still happen under flowing ammonia conditions at high
temperatures (e.g. 2000K), adding carbon in the system can greatly facilitate the formation of the
UN (or CeN).
One of the concerns of using carbon is the formation of uranium carbide due to the
reactions:
𝑈𝑈𝑈𝑈2 (𝑠𝑠) + 3𝐶𝐶 (𝑠𝑠) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 2𝐶𝐶𝐶𝐶 (𝑔𝑔)

(𝑢𝑢4)

𝑈𝑈𝑈𝑈2 (𝑠𝑠) + 4𝐶𝐶 (𝑠𝑠) → 𝑈𝑈𝑈𝑈2 (𝑠𝑠) + 2𝐶𝐶𝐶𝐶 (𝑔𝑔)

(𝑢𝑢6)

7
1
𝑈𝑈𝑈𝑈2 (𝑠𝑠) + 𝐶𝐶 (𝑠𝑠) → 𝑈𝑈2 𝐶𝐶3 (𝑠𝑠) + 2𝐶𝐶𝐶𝐶 (𝑔𝑔)
2
2
𝐶𝐶𝐶𝐶𝐶𝐶2 (𝑠𝑠) + 3𝐶𝐶 (𝑠𝑠) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 2𝐶𝐶𝐶𝐶 (𝑔𝑔)
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(𝑢𝑢5)

(𝑐𝑐4)

𝐶𝐶𝐶𝐶𝐶𝐶2 (𝑠𝑠) + 4𝐶𝐶 (𝑠𝑠) → 𝐶𝐶𝐶𝐶𝐶𝐶2 (𝑠𝑠) + 2𝐶𝐶𝐶𝐶 (𝑔𝑔)

(𝑐𝑐5)

(𝑐𝑐6)
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Figure A3. Reaction Gibbs energies and constants of reactions u4, u5, and u6.
The reactions u4, u5, u6 can happen under flowing argon condition, especially at high
temperatures. However, compared with reactions u3, the reactions u4, u5 and u6 will not be likely
to happen under flowing ammonia condition. As shown in Figure A4, the equilibrium partial
pressure of CO for reaction u4 is always much greater than that of u4, u5, or u6. The excessive CO
pressure resulted from reaction u3 will always suppress reactions u4, u5, and u6. Thus we in
general do not need to worry about the formation of uranium carbides (or cerium carbides) for the
reaction u3 (or c3). A similar argument for reactions c3 to c6 is also valid.
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Figure A4. Equilibrium partial pressures of CO of reactions u3, u4, u5, and u6.
A.2 Hydrogen and nitrogen:
If the mixture of hydrogen and nitrogen is used then the reactions are:
1
𝑈𝑈𝑂𝑂2 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) + 2𝐻𝐻2 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑔𝑔) + 2𝐻𝐻2 𝑂𝑂 (𝑔𝑔)
2

1
𝐶𝐶𝐶𝐶𝑂𝑂2 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) + 2𝐻𝐻2 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑔𝑔) + 2𝐻𝐻2 𝑂𝑂 (𝑔𝑔)
2

(𝑢𝑢7)
(𝑐𝑐7)

From Figure A5, we can see that these two reactions are highly unlikely. Although the
hydrogen/nitrogen mixture is used for producing the UN with very high purity under the
reducing/degassing cycles, this reaction requires very high partial pressure of hydrogen. Thus u7
is not considered a viable reaction for producing a large quantity of UN.
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Figure A 5. Reaction Gibbs energies and constants of reactions u7 and c7.
A.3 Carbon and Nitrogen:
With carbon addition, the carbothermal reduction can happen in the following reactions:
1
𝑈𝑈𝑂𝑂2 (𝑠𝑠) + 2𝐶𝐶 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 2𝐶𝐶𝐶𝐶 (𝑔𝑔)
2

1
𝐶𝐶𝐶𝐶𝑂𝑂2 (𝑠𝑠) + 2𝐶𝐶 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 2𝐶𝐶𝐶𝐶 (𝑔𝑔)
2
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Figure 6 A. Reaction Gibbs energies and constants of reactions u8 and c8
These two reactions can happen at high temperatures (e.g. >1600K) under flowing nitrogen
conditions. However, the reactions would be slow due to the low partial pressure of product gas.
Thus this method is not as preferred as the reaction u3 (or c3).
A.4 Removal of uranium carbide impurities:
If uranium carbide impurities form due to the reactions u4-u6 (or c4- c6), then the stability
of these carbides must be understood. Under pure nitrogen condition, the reactions are:
1
𝑈𝑈𝑈𝑈 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 𝐶𝐶 (𝑠𝑠)
2

1
1
3
𝑈𝑈2 𝐶𝐶3 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 𝐶𝐶 (𝑠𝑠)
2
2
2
1
𝑈𝑈𝑈𝑈2 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 2𝐶𝐶 (𝑠𝑠)
2
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(𝑢𝑢9)
(𝑢𝑢10)
(𝑢𝑢11)

1
𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 𝐶𝐶 (𝑠𝑠)
2

1
1
3
𝐶𝐶𝐶𝐶2 𝐶𝐶3 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 𝐶𝐶 (𝑠𝑠)
2
2
2

Reaction Gibbs energy (kJ/mol)

1
𝐶𝐶𝐶𝐶𝐶𝐶2 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 2𝐶𝐶 (𝑠𝑠)
2
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Figure 7 A. Reaction Gibbs energies for reactions u9, u10, u11, c10, and c11
These reactions are all thermodynamically favorable under flowing nitrogen conditions.
Under ammonia, the reactions are:
3
𝑈𝑈𝑈𝑈 (𝑠𝑠) + 𝑁𝑁𝑁𝑁3 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 𝐶𝐶 (𝑠𝑠) + 𝐻𝐻2 (𝑔𝑔)
2

(𝑢𝑢12)

3
𝑈𝑈𝑈𝑈2 (𝑠𝑠) + 𝑁𝑁𝑁𝑁3 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 2𝐶𝐶 (𝑠𝑠) + 𝐻𝐻2 (𝑔𝑔)
2

(𝑢𝑢14)

1
3
3
𝑈𝑈2 𝐶𝐶3 (𝑠𝑠) + 𝑁𝑁𝑁𝑁3 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 𝐶𝐶 (𝑠𝑠) + 𝐻𝐻2 (𝑔𝑔)
2
2
2
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(𝑢𝑢13)

3
𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 𝑁𝑁𝑁𝑁3 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 𝐶𝐶 (𝑠𝑠) + 𝐻𝐻2 (𝑔𝑔)
2

1
3
3
𝐶𝐶𝐶𝐶2 𝐶𝐶3 (𝑠𝑠) + 𝑁𝑁𝑁𝑁3 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 𝐶𝐶 (𝑠𝑠) + 𝐻𝐻2 (𝑔𝑔)
2
2
2
3
𝐶𝐶𝐶𝐶𝐶𝐶2 (𝑠𝑠) + 𝑁𝑁𝑁𝑁3 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 2𝐶𝐶 (𝑠𝑠) + 𝐻𝐻2 (𝑔𝑔)
2

(𝑐𝑐12)
(𝑐𝑐13)
(𝑐𝑐14)
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Figure 8 A. Reaction Gibbs energies for reactions u12, u13, u14, and c14.
These reactions are also favorable.

Under nitrogen and hydrogen
1
𝑈𝑈𝑈𝑈 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) + 2𝐻𝐻2 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 𝐶𝐶𝐶𝐶4 (𝑔𝑔)
2

1
1
3
𝑈𝑈2 𝐶𝐶3 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) + 3𝐻𝐻2 → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 𝐶𝐶𝐶𝐶4 (𝑔𝑔)
2
2
2
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(𝑢𝑢15)
(𝑢𝑢16)

1
𝑈𝑈𝑈𝑈2 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) + 4𝐻𝐻2 (𝑔𝑔) → 𝑈𝑈𝑈𝑈 (𝑠𝑠) + 2𝐶𝐶𝐻𝐻4 (𝑔𝑔)
2

(𝑢𝑢17)

1
𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) + 2𝐻𝐻2 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 𝐶𝐶𝐶𝐶4 (𝑔𝑔)
2

1
1
3
𝐶𝐶𝐶𝐶2 𝐶𝐶3 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) + 3𝐻𝐻2 → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 𝐶𝐶𝐶𝐶4 (𝑔𝑔)
2
2
2

Reaction Gibbs energy (kJ/mol)

1
𝐶𝐶𝐶𝐶𝐶𝐶2 (𝑠𝑠) + 𝑁𝑁2 (𝑔𝑔) + 4𝐻𝐻2 (𝑔𝑔) → 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑠𝑠) + 2𝐶𝐶𝐶𝐶4 (𝑔𝑔)
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Figure 9 A. Reaction Gibbs energies for reactions u15, u16, u17, c16, and c17.
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