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Figure 3 Formation of an oxygen vacancy defect (OVD) in ceria 
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Figure 12 Microscopic images of anodized cerium membrane 
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converted to CeO2. The calcination process consists of several steps. The components of 

the anodized membrane before calcination are Ce(OH)3 and Ce2O3 (according to the 

Ce(OH)3 (101) (201) peaks and Ce2O3 (101) (110) peaks). After drying at 50 ℃ for 15h, 

the intensity of the Ce(OH)3 peaks decrease but the (101) peak of Ce2O3 remain and the 

(111) (220) and (311) peaks of CeO2 become the major ones. All of that indicated most 

of the Ce(OH)3 is converted into Ce2O3 and CeO2.  

2.4 Mechanism 

According to the experimental results one possible mechanism for the formation 

of the nanoribbon-like structures ( 

 

Figure 13) involves the formation of a complex polymer incorporating the surface 

atoms of the cerium foil with the hydroxide produced through electrolysis and the 

ammonium cation. The Ce atom serves as the center atom and OH
-
, NH3 (NH

4+
) and H2O 

serve as the ligands to form a CeX6 complex ([Ce(NH3)6-x](OH)x). These complexes 

dissolve into the electrolyte digging holes or grooves on the Ce2O3 and Ce(OH)3 surface 

making the nanoribbon structure grow. As this polymer forms it branches as the 

ammonium ligands are replaced by water ligands. The formation of gas bubbles on the 

reaction surface increases the size of the pores between the sheets where the polymer 

branches. The oxygen gas bubbles formed at the anode do not only react with the Ce 

metal foil to form the Ce2O3, but also serve as the template during the anodization 

process. The size of these bubbles was expected to influence the pore size.  

During anodization, the voltage increased due to 3 factors: the increasing 

thickness of the oxide layer, the decrease in the amount of electrolyte in solution and the  
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Figure 13 Proposed mechanism for the formation of the porous anodized 

structures from a cerium metal foil.  

Gray is cerium metal and black is the anodized complex. The cerium metal acts as 

the anode in the electrochemical cell. As a complex layer begins to form, vapor filled 

voids (cavities) or “bubbles” form on the surface and create pathways to the metal, 

allowing the diffusion of reactants to the metal surface. Pores are formed from volume 

changes due to the formation of the cerium hydroxide. The formation of gas cavities 

allow the reaction to continue to completion. Small deposits of unoxidized metal may be 

left as shown in the final stage of the anodization 
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increase in the number and size of O2 bubbles forming on the surface of the cerium, all of 

which increase the resistance.  

Table 1 lists our proposed series of reactions for the formation of the polymeric 

substrate. As we can see reactions (5) and (6) predict that an increase in the ammonium 

concentration will increase the rate of dissolution of Ce(OH)3 and Ce2O3, also higher 

ammonium concentration will provide lower resistance causing a lower anodization 

potential. If the rate of dissolution is greater than the rate of the formation of the 

nanoribbon structures then the structures will not form. On the other hand, if the 

concentration is too low the formation of the [Ce(NH3)10-x]
3+

 complex is present, leading 

to the formation of CeO2-x,which simply exfoliates from the surface. The morphology of 

the anodized cerium oxide membrane is determined by a variety of factors; however, the 

thickness of the membrane thickness is solely a function of time. FESEM showed that 

typically an as-fabricated anodized ceria membrane surface is composed of ribbon-like 

structure. The average ribbon thickness is 20 to 30 nm and the size of the pores between 

the ribbons is about 150 nm. However, the ribbons’ thickness of the calcined samples 

increases to ca. 50 nm while the average pore size of the film remained almost the same 

(160-170 nm). The slow temperature ramping rate in the calcination process apparently 

promotes the growth of the ribbon structures after calcination. Cross-sectional FESEM 

images of completely anodized membranes illustrates that the thickness of the membrane 

is ca. 100 µm.  

Current density determines the growth rate of the structure; with increased 

current, the growth rate of the nanoribbons is increased leading to larger pore diameters 

of the structure. A higher anodization current causes the aspect ratio of the ribbon   
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        (1) 

      (2) 

      (3) 

       (4) 

    (5) 

   (6) 

 

Table 1 Proposed series of reactions for the formation of the polymeric substrate 
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Chapter 3 – Cerium Oxide Nanorods  

3.1 Introduction 

Nanomaterials of the same compound can vary greatly in their properties. The 

synthetic method and treatment of the materials can create a wide variety of structures, 

each with distinct properties. It was determined that a rod like structure could provide a 

very large surface area that could withstand agglomeration. In addition the rods can be 

engineered with large areas of single lattice planes. The large surface area could then be 

engineered to have a wide variety of defects with an emphasis on oxygen vacancy 

defects. Several methods of creating cerium oxide nanorods were investigated and one 

was found to reproducibly create rods with the desired properties.
1-2, 11, 17, 69-71

 

3.2 Materials and Methods 

3.2.1 General Materials 

All water used in this experiment was Ultrapure water of >18 MΩ resistivity and 

filtered through 0.22 nm pore-sized filters. All chemicals were used as purchased unless 

otherwise noted. Bulk cerium oxide powder with 300 mesh size (Sigma-Aldrich, St. 

Louis, MO) and cerium oxide nanoparticles with 7-nm average diameter (Nanoscale, 

Manhattan, KS) were used for catalytic activity evaluations and comparisons with cerium 

oxide nanorods. The cerium oxide nanoparticle samples have aggregate particle size ≤ 9 

µm. 

3.2.2 Synthesis of Cerium Oxide Nanorods 
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Figure 16 EDX spectrum of CeO2-x nanorods 
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Figure 17 Microscopic images of (11-2) focal plane surface defects 

on an activated CeO2-x nanorod. Showing a) nanorod with enlarged 

area highlighted and showing rod growth direction. Inset is SAED of 

this area. b) enlargement of the highlighted area for easier viewing of 

the defective surface. And c) a map highlighting some of the surface, 

subsurface and linear defects. Finally d) is a simulation of the focal 

plane from which this image was taken to show (111) lattice fring 

spacing and (3-11) growth direction. 

 









58 

problem can be overcome.
80-81

 Second, XPS is necessarily done under high vacuum 

conditions; it has been shown that under low pressure conditions CeO2 will reduce to 

form Ce2O3. Therefore if the spectra are not recorded quickly the ratio of Ce
3+

 to Ce
4+

 

will have changed. However, careful studies have been done with good results being 

reported of natural ratios between 17 and 25 at.% which corresponds well to the increase 

of OVD sites due to increased surface energy.
48, 79, 82-83

 This naturally calls into question 

the stability (Table 2) of the materials when they are in an artificially high ratio of Ce
3+

 to 

Ce
4+

. 

3.6 Effects of Catalyst Activation by Thermal Annealing 

3.6.1 Changes in Ce
3+

 to Ce
4+

 Valence Ratio 

By utilizing XPS the atomic ratio for the as-synthesized nanorods was found to be 

16% Ce
3+

 while the ratio for the nanoparticles and bulk ceria were found to be 25% for 

both. The high percentage of Ce
3+

 found in the bulk material is likely accounted for by 

the micron scale of the powder particulates. The atomic ratio of Ce
3+

 did not change for 

any of the samples when activated under standard pressure at 400 °C. When the samples 

were activated at 400 °C and 0.1 Torr, the atomic ratio of Ce
3+

 increased for both the 

nanorods and the nanoparticles to 39 and 36 % respectively, but did not change for the 

bulk material. The increase in Ce
3+

 is likely due to a change in the partial pressure of the 

system, Figure 3 encouraging the desorption of oxygen from the surface of the materials. 

In the bulk material, the oxygen storage capacity of the cerium oxide was probably able 

to buffer the small amount of oxygen desorbing from the surface. Additionally the total 

surface area exposed to the low pressure is certain to be a factor in the amount of change 
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in the Ce
3+

 ratio as demonstrated by the more significant change experienced by the 

nanorods over the nanoparticles.  

Both of the nanoscale materials (nanorods and nanoparticles) were found to have 

significantly elevated ratios of Ce
3+

. The elevated ratios of Ce
3+

 were stable for more than 

a week, as demonstrated by XPS, and long term catalytic data presented in chapter four. 

There must be a stabilizing effect that is occurring at or near the surface of the 

nanomaterials, since the materials have demonstrated to be pure by EDX Figure 16. Since 

they have no significant amounts of impurities we can begin to look at the activation 

process. It is suspected that during calcination OVD are formed due to the low partial 

pressure leading to the equilibrium driven formation of O2. These defects are of higher 

energy than the well-defined sites and therefore are more likely to form initially near 

locations where they can be stabilized. These stabilization locations are likely to be 

surface defects of the lattice since at these points the energy is much higher and therefore 

would be able to stabilize the OVDs, lowering the energy of the surface defect.
21, 56, 84

 

The surface defects, once exposed to atmospheric conditions, are then likely to react with 

CO2 to form trace amounts of cerium carbonates (Ce2(CO3)3 and Ce2(CO3)4) below the 

detection limits of our equipment. Cerium carbonate is a very stable compound with little 

catalytic activity. However the presence of a very small amount of cerium carbonate on 

the surface of the nanomaterials is likely enough to stabilize the Ce
3+

 that are a part of 

OVD sites. 
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CeO2-x 

Sample 

Ce
3+

/Ce
4+

 at.% 

Activation 

Before  After 

TON @250 °C 

µmol*g
-1

*sec
-1

 

Surface 

Area 

m
2
/g 

nanorod 16 39 2.21 113 

Nanoparticle 25 36 0.22 50 

Area adj.   .993  

Bulk 25 25 0.01 8 

 

Table 2 comparison of valence ratio and surface area of CeO2-x materials activated at 

ambient and low pressure 
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3.6.2 Changes in Defect Sites 

Utilizing HRTEM we were able to identify a variety of defects.
37, 61

 Most 

interestingly we were able to identify the formation and increase in density of oxygen 

vacancy defects (OVD). (Figure 17) The presence of increased OVD after activation and 

the subsequent stability of the OVD after a reaction lead us to the conclusion that the low 

pressure activation is creating these defect sites. 

3.7 Conclusions 

During activation, various vacancy cluster defects were added to the surface and 

subsurface of the materials. The addition of these defects to the ceria nanorods led to 

enhanced catalytic activity of the nanorods with respect to other nanoparticles 

synthesized in a similar fashion, or of similar structure. This increases our understanding 

of the importance of both types of defects for the studied materials.  

The identification of vacancy clusters using HRTEM proved promising, as many 

of these types of defects were identifiable utilizing this method. The ability to identify 

OVDs using HRTEM rather than STEM makes the identification of these defects 

accessible to more research groups. Step edge and grain boundary defects were 

introduced into the ceria nanorods during synthesis. 
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Chapter 4 - Catalytic Oxidation of Carbon Monoxide  

4.1 Introduction 

The invention and subsequent popularity of the automobile lead to a need to 

convert the emissions to more benign substances.
14, 21, 85-87

 This was the impetus behind 

the three way catalyst. As the name implies three way catalysis is the catalytic conversion 

of three different materials simultaneously. First, any carbon monoxide CO must be fully 

combusted into carbon dioxide CO2. Second, any unburned hydrocarbons CxHy must be 

oxidized to CO2 and water. Third any oxides of nitrogen NOx need to be reduced to 

nitrogen gas N2. It seems intuitive that the combustion of CO and hydrocarbons can be 

done under the same conditions; however, the reduction of NOx at first appears to require 

its own set of conditions and possibly a separate catalyst. When it is considered that NOx 

needs to be reduced and that CO is a very good reducing agent the solution becomes 

clear: a location is needed to store excess oxygen from the NOx while awaiting CO. This 

location is on the surface of the cerium oxide. 

4.2 Catalytic Oxidation 

Combustion, when it occurs on a cerium oxide catalyst, has two major advantages 

over flame combustion. First, the radicals, which are produced as an intermediate in the 

reaction, are constrained to the surface of the cerium oxide and maintained there until 

needed for further reaction. The reaction is limited by kinetics rather than the mass 

transport limitations of flame combustion.
88-91

 This allows the reaction to occur at much 

lower temperatures than exist in a flame (between 1100 and 1800 °C), which in many 

cases is desirable. Second, the formation of byproducts is greatly reduced due to the 
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alternative reaction path provided by the cerium oxide surface. This leads to very 

predictable products and therefore a cleaner effluent.  

4.3 Lite Off Number and Turn Over Number 

Currently the state of the art in the production of heterogeneous catalysts is 

measured through two primary numbers. First the turn over number (TON), also called 

the turn over frequency (TOF), is a measure of the number of micromoles of carbon 

monoxide per second per gram of catalyst (µmol*g
-1

*sec
-1

) reported at a given 

temperature that is oxidized to carbon dioxide.
92

 This is a measure of the rate of reaction.  

The second number is the light-off number (T50), the temperature at which a given 

amount of catalyst can oxidize fifty percent of the carbon monoxide flowing through it. 

The T50 is a measure of the reduction in the activation energy of the reaction by a given 

catalyst. (Figure 23) 

4.3.1 Energy of Activation 

The apparent change in the energy of activation (Ea) can be approximated using 

the Arrhenius equation  

/( ) Ea RTk T ve  

 where k is the rate constant, T is the temperature in Kelvin, v is the pre-exponential 

factor, and R is the ideal gas constant. The equation is rearranged giving  

1
ln ( ) ln

Ea
k T v

R T
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According to this equation the slope of the plot yields the activation energy and the 

intercept yields the pre-exponential factor. The plot must be at the temperatures nearest to 

the lite off temperature in order to have physical meaning.
7
  

 Several assumptions must be made when using this technique to calculate the 

apparent change in Ea. It is assumed that the rate limiting elementary reaction is first 

order, and one of the reactants is limiting. In a catalytic reaction, it is assumed that the 

substrates are in great excess to the reaction sites on the catalyst. It was also assumed that 

the apparent Ea is valid throughout the entire range plotted. Finally, it is assumed that 

k(T) can be written as 
/( ) Ea RTk T ve . When graphing the Arrhenius plots for these 

reactions (Figure 22), the chosen temperature range was selected from onset to T50. 
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Figure 22 Arrhenius plots for ln(k) vs 1/T  
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4.4 Materials and Methods 

4.4.1 Materials 

Quantified mixtures of CO (1.08 % v/v) O2 (20.1% v/v) with the balance He 

(Linweld, Lincoln NE) was used for the reaction precursors. CO2 (1.98% v/v) in He 

(Linweld, Lincoln NE) was used to calibrate the GC and column under a variety of 

conditions.  

4.4.2 Reactor Design 

A stationary catalyst bed was selected due to the volume of catalyst and reactants 

that were to be tested. Thirty SCCM CO and O2 in a He balance were flowed from 

storage through a mass flow controller (MFC), into a 1 cm diamater U shaped reactor 

with a coarse-grained quartz frit sample platform located in one of the legs of the reactor 

also known as a plug flow reactor. The system was designed such that a quartz sheathed 

thermocouple was in contact with the frit and the reactor bed. The U micro-reactor was 

located in an open ended furnace capable of temperature control from room temperature 

to 500 °C. Downstream from the micro-reactor the gases entered a GC through a 6 port 

valve to allow for continuous filling of the sample loop. Exhaust gasses were expelled 

through a bubbler to allow for monitoring of gas flow in the system. All connectors were 

either Swagelok® or Ultra-Torr®. To provide for a gas tight configuration, Ultra-Torr® 

fittings were used wherever regular disconnections were needed. Tubing bends and bend 

angles were kept to a minimum to prevent changes to the conductance of the gas. 1/8” 

Stainless steel tubing was chosen as the primary tubing for the system. He carrier gas for 

the GC was conducted through 1/4” copper tubing.   
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4.4.3 Reactor Conditions 

Typically, in each catalysis test, a mixture of 79 % He, 20 % O2 and 1 % CO was 

flowed continuously throughout the reaction at a rate of 30 SCCM through a 100-mg 

CeO2-x sample, completely covering the frit. For our reaction gas mixture of 1.08 % CO 

this equates to 2.21 µmol*g
-1

*sec
-1

, assuming 25 °C and 1atm pressure at the MFC, 

giving us an upper bound for our conversion rate  

 

21  * 0.030  /
1.226*10 204.3    

 
0.082057  *298

 

pV atm L min mol mol
n total gas

LatmRT min sec
K

mol K

   

  

 
2

204.3    
 

1.08% 2.1  
0.1    *

mol
total gas

mol COsec CO
g CeO g sec




 
 

 
 
 

 (1.1) 

The reaction chamber was warmed in 5 ⁰C increments from room temperature to 

300 ⁰C or until at least 20 ⁰C past the 100% conversion temperature.  

A 1 mL sample of process gas obtained at each reaction temperature was analyzed 

using a gas chromatography instrument (Gow-Mac, Bethlehem, PA), equipped with an 

eight foot porapak Q column (Waters Corp., Milford, MA) and a thermo conductivity 

detector (TCD). The percentage of CO conversion was determined by quantifying the 

carbon dioxide concentration in the processed gas compared to a known concentration of 

CO2 in helium. The GC conditions were originally set to those specified by the column 

manufacturer and were modified slightly to enhance performance. The original 

conditions were: inlet temperature of 100 ⁰C, oven temperature of 60 ⁰C, detector 

temperature of 100 ⁰C, detector current of 100 mV and a carrier gas flow of 20 SCCM. 

These were modified to an oven temperature of 80 ⁰C, detector temperature of 110 ⁰C 
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and detector current of 150 mV. The increased oven temperature increased the elution 

time through the column, which given the purity of our mixture still allowed for baseline 

separation. The increased detector temperature and current allowed us to increase the 

sensitivity of the detector.  

4.5 Results and Discussion 

4.5.1 Change in the energy of activation 

The light off temperature (T50) was used as a comparison of the catalytic activity 

of each of the cerium oxide materials tested. A comparison of the tested materials along 

with various literature values is reported in Table 3. As controls, materials were activated 

at 400 °C at ambient pressure. The T50 for nanorods, nanoparticles and bulk cerium oxide 

were found to be 205, 285, and 350 °C respectively. The T50 showed that both the 

nanorods and the nanoparticles were more active after activation at 0.1 Torr than when 

activated at ambient pressure, additionally the nanorods were more active than the 

nanoparticles with a T50 of 175 and 260 °C respectively. The turn over number (TON) at 

250 °C for low pressure activated nanorods, nanoparticles, and bulk cerium oxide (Table 

3) were 1.77 µmol*g
-1

*sec
-1

, 0.22 µmol*g
-1

*sec
-1

, and 0.01 µmol*g
-1

*sec
-1

 respectively.  

When the natural log of the rate was plotted versus 1/T (Figure 22) for the bulk 

cerium oxide the pre-exponential factor was determined to be 10.3 and the apparent 

energy of activation over R (
Ea

R


) was calculated to be 6.577 J/mol. The calculated pre-

exponential value for low pressure activated nanorods was determined to be 10.0 with an 

apparent energy of activation over R calculated to be 4.567 J/mol. The units of the pre-

exponential factor and apparent energy of activation are arbitrary without further 
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investigation into the order of the reaction. However even without an exact knowledge of 

the units, it is apparent that there is a distinct lowering of the apparent energy of 

activation for the reaction when it is catalyzed by low pressure activated nanorods vs. low 

pressure activated bulk cerium oxide powder.  

4.5.2 Comparison to Literature Data 

The reported values of T50 for pure ceria range from 175 to 350 °C, our material 

T50 is reported at 175 °C. The reported TON for pure ceria ranges from 0.01 to 3.2 

µmol*g
-1

*sec
-1

 @ 250 °C with our material being reported at 2.21 µmol*g
-1

*sec
-1

 @ 250 

°C. See Table 3 for a detailed comparison. 

4.5.3 Long term catalytic stability 

It was determined that after 96 hours of continuous reaction at 170 °C there was 

no change in the catalytic activity of the low pressure activated nanorods. The long term 

stability of the reduced state of the cerium oxide was unexpected; we anticipated that 

after a catalytic run, especially a week long run, the majority of the cerium would have 

returned to the Ce
4+

 state. There must be a stabilizing effect that is occurring at or near 

the surface of the nanomaterials. The materials have demonstrated via EDX to be pure 

and since they have no significant amounts of impurities therefore the difference must be 

related to the activation process. 

4.5.4 Increased Ce
3+

/Ce
4+

 ratio 

All samples tested were found to have and to retain the cubic fluorite structure of 

CeO2 this leads us to the initial conclusion that any Ce
3+

 found must be at or near the 

surface as this is the most common location for the formation of OVDs. The relatively 
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low surface area for the nanoparticles was due to tightly agglomerated micron sized 

particles.  

Both of the nanoscale materials (nanorods and nanoparticles) were found to have 

significantly elevated ratios of Ce
3+ 

after activation. Because the samples are activated at 

low pressure under flowing nitrogen and oxygen rather than compressed air, it is 

suspected that during calcination the oxygen vacancy defects are formed. These defects 

are of higher energy than the well-defined sites and therefore are more likely to form 

initially near locations where they can be stabilized. These stabilization locations are 

likely to be surface defects of the lattice. At these points the energy is much higher and 

therefore would be able to stabilize the OVDs lowering the energy of the surface defect. 

The surface defects, once exposed to atmospheric conditions, are likely to react with CO2 

to form trace amounts of carbonates of cerium (Ce2(CO3)3 and Ce2(CO3)4) below the 

detection limits of our equipment. Cerium carbonate is a very stable compound with little 

catalytic activity; however the presence of a very small amount of cerium carbonate on 

the surface of the nanomaterials is likely to stabilize the Ce
3+

 in the oxygen vacancy 

defects.  
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Figure 23 Comparison of changes in T50 for nanorods, nanoparticles, and bulk 

powder ceria 
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4.6 Conclusions 

During activation various vacancy cluster defects were created on the surface and 

subsurface of the materials. The addition of these defects to the ceria nanorods led to 

enhanced catalytic activity of the nanorods with respect to other nanoparticles 

synthesized in a similar fashion, or of similar structure. This increases our understanding 

of the importance of both types of defects for the studied materials.  

The identification of vacancy clusters with HRTEM proved promising as many of 

these types of defects were identifiable utilizing this method. The ability to identify OVD 

clusters using HRTEM rather than STEM makes the identification of these defects 

accessible to more research groups. 
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Shape TON  

(µmol g-1 sec -1) 

T50  

(°C) 

Reference 

Bulk 0.01 350 This thesis 

 Not reported 290 
1

 

Nano rod 2.21 175 This thesis 

 2.21 205 This thesis 

 1.81 223 
2

 

 2.272 250 
3
 

 1.79 224 
2
 

 1.13 290 
4

 

Nano cube 0.655 315 
2
 

 0.055 375 
5
 

Nano wire 1.63 245 
2

 

Shuttle 3.181 160 
4, 6

 

Flower like 0.409 325 
5

 

 0.341 350 
5

 

Nano active™ 

  

0.993 260 This thesis 

 0.860 285 This thesis 

Nano cube 

(hollow) 

Not reported 265 
10

 

Nano tube Not reported 200 
11-13

 

Nano tube Not reported 200 
11

 

Nano tube (L) Not reported 270 
1, 14

 

Nano tube (T) Not reported 270 
1

 

    

 

Table 3 Comparison of reported data for cerium oxide similar in size and shape to 

those tested in this thesis.  

When not reported or reported at temperatures other than 250 °C every attempt was 

made to calculate the information from the reported data. 
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Chapter 5 – Future Work  

There is much work left to be done to understand the scientific principles behind 

multivalent metal oxide catalysis. Ceria will likely be increasingly used for its catalytic 

properties in a variety of applications and conditions. It is important to remember that 

there is no “one size fits all” approach to catalysis. For some applications, a lower T50 

may be required, while others a thermal stability may be of higher priority. To this end 

we need to be able to correctly model and synthesize catalysts that have very exacting 

properties.  

Using different sample preparations and the interaction of metal atoms with the 

mixed valency ceria cleverly designed catalysts will soon be more readily available. 

Ceria catalysts decorated with gold or other noble metal atoms can greatly increase the 

turn over number. Also, binary metal oxides have been shown to have very interesting 

catalytic properties while enhancing stability. Finally multilayer catalysts may be able to 

catalyze a series of reactions. Some work has been done to progress the goal of designer 

catalysts, but little work has focused on the principles behind the enhancements until the 

work presented here.  

5.1 Porous Cerium Oxide Membranes 

The ceria membranes should be tested in prototype solid oxide fuel cells. These 

can be created utilizing off-the-shelf test cells and inserting our membrane into the 

reaction chamber. The conditions for the reaction are likely between 600 and 1000°C. 

These conditions should be able to be modulated through the use of gold or other metal 

clusters on the membrane.  
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Though important in its own right, the anodization of cerium to form cerium 

oxide may be dwarfed by utilizing the same principles to apply a protective anodization 

layer to iron or steel. Just as we discovered that we could control reaction conditions to 

create cerium oxide that does not exfoliate from the underlying metal, we have 

preliminary research that indicates that iron can be polymerized utilizing phosphoric acid. 

In addition to phosphoric acid, iron has the potential to be polymerized with a variety of 

organic molecules including oxalate, and poly vinyl alcohol. This research must be 

followed up as it could lead to a great boon to society.  

5.2 Cerium Oxide Nanorods 

While cerium oxide nanorods show greatly improved catalytic activity over bulk 

cerium oxide, there is still much to be learned about the effect of defects on catalytic 

activity. New ways of introducing defect points into the ceria need to be explored 

towards the end of developing designer catalysts. These defects may be introduced 

through further refining of the low pressure calcination process. Or more likely, these 

defects will be produced through the introduction of other metals into the matrix. These 

metals may be other rare earth compounds, or they may be noble metals. In the case of 

other rare earth compounds the introduction of atoms into the lattice that are of a greatly 

different size than the cerium will cause strain. This strain should affect the lattice in a 

very predictable manner. The strain should be directly proportional to the atomic radius 

of the dopant atoms, and to the atomic percentage of the dopant atoms. Hypothetically a 

periodic trend will emerge that will hold true for any monovalent rare earth or transition 

metal atom. As the majority of rare earth metals are monovalent this should lead to a 

clear picture of the trend, though violations of any trend are expected and hoped for as 
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they present opportunities to test previously formed hypothesis and mechanisms. 

Additionally the periodic trend should lead us closer to understanding the role of 

multivalency in dopant atoms.  

Once the periodic trend is established, the interaction of multiple dopants in the 

lattice of the cerium oxide should be addressed. Binary dopants will lead to a better 

understanding of the principles of lattice growth and crystal design. By observing the 

clustering effects of the dopants the interatomic interactions will become clearer.  

Finally it is well accepted that gold clusters below 5nm in size are much more 

catalytically active than bulk gold.
93

 It is therefore possible to hypothesize that very small 

gold clusters ranging from a single atom to a cluster less than 1 nm will have very good 

activity. It has been calculated that gold tends to wet the surface of ceria, and form very 

small clusters based on the amount of gold present. Therefore, it is likely that very small 

atomic percentages of gold will be able to change the catalytic activity of ceria nanorods. 

It is also possible that less expensive and more abundant metals than gold will have a 

significant effect on the catalytic activity of the nanorods. Such metals include copper, 

tin, and nickel.
27, 86, 94-96

  

5.3 Summary  

The research presented in this thesis merely scratches the surface of 

understanding the principles behind the catalytic properties of cerium oxide. It could 

easily take a lifetime to understand this material. However within two to three years there 

will be a much greater understanding of the role of defects caused by adding dopant 

atoms to the lattice or decorating the surface of the ceria with atoms or clusters of noble 

metals, transitions metals, alloys, metal oxides or even non-metals. The range of reaction 
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which can be catalyzed will only be limited by our understanding of the fundamentals of 

the catalytic mechanism and the changes to the physical, chemical and electronic 

properties of the catalyst.  
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