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ABSTRACT 

Nanotechnology has shaped the research and development in various disciplines of science and 

technology by redefining the interdisciplinary research. It has put the materials science at the 

forefront of technology by allowing the researchers to engineer materials with properties ranging 

from electronics to biomedical by using materials as diverse as ceramics to just plain carbon. 

These exceptional properties are achieved by minimizing the dimension of particles in such 

smaller domains that the boundary between the individual atoms, ions or cluster of particles is 

very small. This results in a change in conventional properties of particles from continuum 

physics to quantum physics and hence the properties of nanoparticles can be tuned based upon 

their size, shape and dimensionality. One of the most apparent changes upon decreasing the 

particle size is the increase in surface area to volume ratio. Thus nanoparticles possess greater 

tendency to interact with the environment in which they are present and similarly the 

environment can affect the properties of nanomaterials. The environment here is described as the 

immediate solid, liquid or gaseous material in immediate contact with the external surface of the 

nanoparticles. In order to control the physico-chemical properties of nanoparticles it is important 

to control the surface characteristics of nanoparticles and its immediate environment. The current 

thesis emphasizes the role of tuning the surface of nanoparticles and/or the environment around 

the nanoparticles to control their properties.  
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Schematic A1 - Schematic diagram demonstrating the importance of surface modified 

nanoparticles to achieve various function from a single platform nanomaterial. 

The schematic describes the current approach in literature in which a platform nanoparticle can 

be used for a myriad of applications by just changing the surface species which tunes the 

property of nanoparticles. Such surface modification can provide nanomaterials with hydrophilic, 

hydrophobic, biocompatible, sensing, fluorescence and/or electron transfer properties.  

The current thesis demonstrates the interaction between nanoparticles and the environment by 

changing the surface characteristics of nanomaterials through the use of oxide nanoparticles as 

examples. The first part of the thesis discusses the synthesis, modification and properties of 

cerium oxide nanoparticles (CNPs), a versatile material used in wide range of applications from 

catalysis to glass polishing, for their potential use in biomedical applications as a function of 

medium. The thesis starts by projecting the effect of environment on the properties of 

nanomaterials wherein it is shown that simple medium, such as, water can influence the optical 

properties of nanoparticles. It was shown that the strong polarizing effect of water on the non-

bonding f electrons can cause a blue shift in the optical properties of CNPs as a function of 

increase in trivalent oxidation state of cerium in CNPs. This phenomenon, contradictory to 

existing literature in solid state where a red shift is observed upon increasing the trivalent 

oxidation state of cerium in CNPs, is purely attributed to the medium-inflicted change in 

properties of nanoparticles. This concept is built upon in the first half of thesis by increasing the 

colloidal stability of nanoparticles by surface and/or medium modification. It is shown that the 

narrow range of pH in which the colloidal CNPs are stable can be extended by changing the 

medium from water to polyhydroxy compounds such as glucose and dextran. The synthesis was 

designed specially to avoid the traditional precipitation and re-dispersion strategy of synthesis of 
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nanoparticles to preserve the surface activity. The complex forming ability of cerium with 

polysaccharides was employed to synthesize the CNPs in a one step process and the pH stability 

of the NPs was extended between 2.0 to 9.5. The difference in the complexing ability of the 

monomer - glucose and its anhydro glucose polymer - dextran is reflected in the ability of cerium 

to form super-agglomerates with the monomer while anhydro gluco polymer forms extremely 

disperse 3-5 nm nanoparticles through steric modification. It is shown that the antioxidant 

activity of nanoparticles remain unchanged by surface modification by demonstrating the cycling 

of the oxidation state of cerium in CNPs, with time, through hydrogen peroxide mediated 

transition of oxidation states of cerium. 

It is demonstrated that the polymeric coatings, generally considered as passive surface coatings, 

can also play an active role in tuning the properties of nanomaterials and increasing their 

biocompatibility as well as bio-catalytic activity. It is demonstrated that the antioxidant activity 

of CNPs can be increased as a function of polyethylene glycol (PEG) while the biocompatibility 

is unaltered due to the biocompatible nature of PEG. The antioxidant activity of CNPs involves 

an electron transfer (ET) from the CNPs to the reactive oxygen species or vice versa. This 

heterogeneous ET system is further complicated by the presence of surface adsorbed species. 

Interfacial charge/electron transfer (ET) between a particle and adsorbed (or covalently bonded) 

molecule presents significant complexity as it involves a solid state electron transfer over long 

distance. Unlike a free ion, in solid state, the conducting electrons can be temporarily trapped by 

the coupling lattice sites. Adsorption/attachment of surface species to nanoparticle can disturb 

the electronic levels by further polarizing the electron cloud thereby localizing the electron and 

facilitating the charge transfer. Such an interfacial electron transfer between NPs and adsorbed 

organic species can be compared to the single electron transfer carried by organometallic 
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systems with a metal ion core modified with electron delocalizing porphyrin ligands. It is 

demonstrated that in this PEGyltaed CNPs system, the PEG essentially forms a complex with 

CNPs in the presence of hydrogen peroxide to facilitate this electron transfer process. The 

superoxide dismutase (SOD) and catalase mimetic ability of CNPs is described and special 

emphasis is given to its biocompatibility. 

The second half of the thesis emphasizes the role of synthesis and surface modification in 

influencing the catalytic performance of cerium oxide modified titanium dioxide catalysts for 

decomposition of methanol. Noble metals supported on oxide nanoparticles have been an area of 

active research in catalysis. It is demonstrated that the modification of surface of the oxide 

nanoparticles by noble metals is a function of the synthesis process. By keeping the size of the 

nanoparticles constant, it was demonstrated that the differences in the oxidation state of noble 

metals can lead to change in the activity of noble metals. This contribution adds to the already 

existing controversy in the open literature about the role of the oxidation state of platinum in 

catalysis. The core level shifts in the binding energy of the 4f electrons of platinum was used as a 

guide to the gauge the oxidation state. Results from an in-house built catalytic reactor coupled to 

mass spectrometer and in-situ diffuse reflectance infra-red spectroscopy are used to quantify the 

catalytic performance and identify the mechanism of reaction as well as products of methanol 

decomposition. 
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1 INTRODUCTION 
1.1  Organization of the dissertation 

The central theme underlying this dissertation discusses the role of synthesis in tuning the 

surface characteristics of oxide based nanomaterials to change their physico-chemical properties 

thereby extending their use in various catalytic applications including biochemical catalysis. In 

essence the thesis reflects that the properties of nanomaterials are a function of their surface and 

how these can be tuned to obtain desired properties. Major emphasis of this thesis is focused on 

the properties of cerium oxide nanomaterials for biomedical applications and additional work is 

being described on mixed cerium oxide – titanium oxide nanoparticles for decomposition of 

methanol as a source of hydrogen. 

The thesis is divided into 5 chapters including introduction covering two different segments of 

catalytic applications. All the chapters reflect different manuscripts written by the author that are 

either accepted or submitted to peer reviewed journals. Additional details, wherever necessary, 

are thus provided as supplementary information and presented at the end of the thesis as an 

appendix.  

Properties of nanomaterials are a function of their surface and thus the environment which is in 

direct contact with the surface plays a crucial role in modifying its properties. This important 

aspect is exemplified in second chapter and discusses the water induced blue shift in the band 

gap of cerium oxide nanoparticles. It is widely accepted in literature that the band gap of cerium 

oxide nanoparticles shows a red shift as a function of increase in Ce3+ concentration. Oxygen 

vacancies (defects) can be stabilized by increasing the concentration of Ce3+ in the fluorite lattice 

of cerium oxide. Most of the experimental data reported in the literature are based on dry 

powders and/or thin films grown and measured in ultra high vacuum conditions. In contrast 

when the nanoparticles are suspended in water, the optical spectra showed a blue shift induced 
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by the polarizing effect of the water on the non-bonding electrons of cerium oxide. A comparison 

of both experimental and theoretical data with the values reported in the literature is discussed in 

this chapter. In addition to the optical properties, the role of environmental parameters in 

changing the physical characteristics of cerium oxide nanoparticles is presented in Appendix – 

A. This appendix discusses the self assembly behavior of cerium oxide nanoparticles in water at 

room temperature, refrigerated conditions and in freezing conditions. It was observed that while 

the self assembly at room temperature leads to the formation of superoctahedral structures, the 

self assembly in ice leads to the formation of ceria nanorods guided by the micro and 

nanochannels in the ice.  

The third chapter in the thesis discusses the synthesis of cerium oxide nanoparticles in 

polyhydroxyl medium. Our lab has demonstrated the antioxidant properties of cerium oxide 

nanoparticles and has shown these nanoparticles to be non-toxic to the cells. While the 

nanoparticles by themselves are non–toxic, synthesis of nanoparticles using methods such as 

reverse microemulsion involve the synthesis of these nanoparticles in toluene, a very toxic 

material. Owing to the high surface adsorption tendency of nanoparticles, removal of surfactants 

and toluene from the surface is a very challenging and involved process. Thus there was an 

imminent need to develop alternate synthesis methods in more biocompatible and less aggressive 

environment. The synthesis of nanoparticles in purely aqueous environment limited their stability 

to a narrow range of pH between 2.0 and 5.0. It is known that the stability of nanoparticles can 

be increased by steric or electrostatic stabilization. Such procedures usually require precipitation 

and re-dispersion of nanoparticles for enhancing their stability. Based on our experience that the 

precipitation and re-dispersion of cerium oxide nanoparticles reduces their biological activity, the 

cerium oxide nanoparticles were synthesized directly in polyhydroxyl medium such as glucose 
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and dextran (M.W – 1000 daltons). It was found that the stability of the nanoparticles 

synthesized in glucose and dextran could be extended from pH 2.0 to 9.5 and that the 

complexation of cerium ions with the polyhydroxyl group facilitates the direct synthesis of 

nanoparticles during its oxidation. It was found that cerium oxide nanoparticles form super-

agglomerates in a glucose medium while the same was not evident in dextran, a polymer of 

glucose. The role of available hydroxyl groups in determining the size, shape and stability of 

cerium oxide nanoparticles is discussed in this chapter and the work was published in the Journal 

of Physical Chemistry C. The application of nanoparticles synthesized in dextran is discussed in 

appendix B and C. Appendix B shows the applicability of dextran coated nanoparticles in 

reducing the tumor stroma interaction and was presented as a poster in the conference on Basic 

Frontiers in Cancer research in Oct 2009. This work in collaboration with Germany is currently 

being written as a manuscript. To confirm the presence of dextran coated nanoparticles in the 

cells an additional chemical procedure was done to attach a fluorescent dye to the dextran 

attached to the surface. Important highlights from this work, along with the procedure to attach 

fluorescent tags to the dextran coated nanoparticles are presented as appendix B. Some of the 

important differences between the nanoparticles synthesized in acidic and alkaline media in 

terms of their reactivity are presented in appendix C. The effect of cerium oxide nanoparticles 

(coated and uncoated with dextran) in increasing the proliferation of collagen produced in porous 

3-D bioactive glass scaffolds in discussed in appendix C. This manuscript is currently submitted. 

The stabilization of nanoparticles discussed in Chapter 3 is described as passive stabilization, as 

they do not affect the catalytic antioxidant behavior of cerium oxide nanoparticles. In fact it has 

been shown that the catalytic activity of nanoparticles decreases with increase in the coating 

thickness and/or the solution polymer concentration. It was shown previously that the catalytic 
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activity of cerium oxide nanoparticles is a function of Ce3+ concentration. Through specific 

experiments we could show that the antioxidant properties of cerium oxide nanoparticles stems 

from its ability to scavenge superoxide and peroxide radicals. While Ce3+ is extremely effective 

in scavenging superoxide radicals, it has very poor peroxide scavenging activity. On the other 

hand, Ce4+ is much more efficient in scavenging hydrogen peroxide. It is shown in chapter 4 how 

the peroxide scavenging activity of cerium oxide nanoparticles with predominant Ce3+ oxidation 

state can be increased by changing the medium from aqueous to polyethylene glycol. It is shown 

that PEGylated nanoceria particles are efficient superoxide as well as peroxide radical 

scavengers. The role of concentration of PEG in tuning the activity as well as regeneration of 

cerium oxide nanoparticles through the formation of complexes and the biocompatibility of such 

nanoparticles is discussed. This work was published in Journal of the American Chemical 

Society.  

Chapter 5 demonstrates the role of surface modification of mixed oxide catalysts in thermal 

catalysis of methanol to hydrogen. It discusses the importance of synthesis in changing the 

oxidation state of Pt coated on the surface of ceria-titania mixed oxide in optimizing its catalytic 

behavior for thermal decomposition of methanol. Metal-decorated over reducible and non-

reducible metal oxides are used in catalysis for decomposition of organic compounds and 

catalyzing several important reactions. The synergistic effects of support oxides and noble metals 

have been debated for a long time now in improving the catalytic efficiency. One of the open 

debates in the literature discusses the role of oxidation state of platinum in its catalytic 

efficiency. The major barrier to this effect has been the synthesis of similarly sized Pt 

nanoparticles over a same support with different stable oxidation states. In this chapter the author  

synthesized Pt coated nanoparticles using two different synthesis procedures and have shown 
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that the while the size of nanoparticles is nearly constant in each procedure, the reduction 

environment chosen to coat mixed oxide nanoparticles has a profound effect on the oxidation 

state of platinum. An in-house built catalytic reactor was used to test the thermal decomposition 

of methanol. It was shown that platinum in an oxidized state is more active in decomposition of 

methanol at a rate as high as 3.5 mmol of MeOH/min/g of the catalyst while the catalyst with 

higher concentration of platinum in metallic state was less active. The oxidized form also lead to 

a decrease in the poisoning of the catalyst during the decomposition of methanol. The effect of 

synthesis conditions on changing the surface oxidation state, shape and activity of platinum is 

compared and discussed. 

List of all publications authored or co-authored by the author of the thesis is presented as 

appendix D. A scope of things to come is also listed under the title “manuscript submitted” while 

the work under progress is listed as the manuscript under preparation. The copyrights forms for 

published manuscripts reproduced in this thesis are listed in appendix E. 

An introduction of each chapter is provided separately at the beginning of each chapter; 

however, to make the choice of cerium oxide nanoparticles as a case study for demonstrating the 

biomedical applications of ceria is provided in chapter one. This chapter covers the basic 

characteristics of cerium oxide nanoparticles and provides an overview of its antioxidant 

properties and behavior. This chapter is submitted as a review article to the Chemical Society 

Reviews. 

1.2  History of cerium oxide in biological applications 

Cerium compounds have been used traditionally as drug components in both water soluble 

(nitrates, acetates and chlorides) and insoluble (oxalate) form[1] and the first few publications 

on the use of cerium as drugs dates back to 1850. Cerium compounds are known as 
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antiemetic, bacteriostatic, bactericidal, immuno-modulating and antitumour agents[1, 2]. In 

fact, trivalent cerium ions are used for treatment of burn victims to reduce infection, treat 

burn sepsis and reduce inflammatory response. Cerium chloride was shown to possess 

antitumor properties by inhibiting the proliferation of gastric cancer cells and leukemia 

cells[2]. Cerium compounds have also found usage in agriculture and as a nutrient in fodder. 

Cerium nitrate pretreatment was shown to increase the germination in rice by increasing the 

SOD, catalase and peroxidase activity and decreasing the concentration of superoxide and 

malonaldehyde[3]. Similarly it was shown the supplementing the fodder with lanthanides 

increased the daily weight gain and food assimilation in cattle[4]. Lanthanides were shown to 

be non toxic in animals and the accumulation in the vital organs was minimal[5, 6]. It was 

shown by Heckert et al[7] that Ce3+ ions could potentially be harmful and can catalyze Fenton 

like reactions in cells. Oxide nanoparticles which do not release free cerium ions but behave 

as ions ions may act as good catalysts yet remain relatively benign to cells. In this respect, a 

well dispersed 3-5 nm CNPs can be described as soluble ceria having ion like properties in 

an oxide lattice. Specific examples of the use of cerium oxide nanoparticles for protection 

against oxidant injury from the current literature are listed in table 1.
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Table 1-A: Antioxidant properties of CNPs in various model systems 

Synthesis and 

Size 

Type of Study Cell Line Dosage Results Ref 

 

Microemulsion 
stripped off 
surfactant (3-
5nm) 

 

Radiation damage 
to normal cells in 
radiation therapy 
for cancer 
treatment 

 

CRL8798 (normal) 
and MCF-7 
(tumor) cells 

 

 

0-5 µM nanoceria 

10 Gy radiation 
dose 

 

 

CNPs protect the radiation 
induced damage. 
Protection conferred only 
to normal cells and not to 
tumor cells. 

 

8 

Water based 
direct synthesis in 
solution (3-5nm 
w/agglomerates 
of 15-20nm) 

Macular 
degeneration 
induced by ROI 
using light induced 
model 

Albino mice and 
photoreceptor 
cells 

10nM  – 1000 
nM 

3800 lux of white 
light 

Complete protection of 
photoreceptor cells upon 
24 hrs pretreatment with 
CNPs. Post injury 
protection conferred to 
decrease further damage 

9 

6 nm and 12 nm 
by precipitation 

Neuroprotection 
using cell viability 
and oxidative stress 

HT-22 and RAW 
164 

 CNPs are neuroprotective 
and the protection is 
independent of particle 
size in the study range 

10 

Water based 
nanoceria (3-
5nm) varying 
Ce3+/Ce4+ ratio 

SOD mimetic 
activity 

Competitive 
inhibition of 
reduction of 
ferricytochrome 
C by superoxide 
anion 

N/A CNPs with higher Ce3+ 
ratio are found to be SOD 
mimetic 

11 

Microemulsion 
stripped off 
surfactant (3-
5nm) 

Peroxide injury 
model to spinal 
cord neurons 

Adult spinal cord 
neuron cells 

10nM Neuroprotective effect of 
CNPS demonstrated 
through 
electrophysiological data 
and prevention from 
hydrogen peroxide 
mediated injury to spinal 
cord neurons 

12 
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Synthesis and 

Size 

Type of Study Cell Line Dosage Results Ref 

Sol gel nanoceria 
(7-10 nm) 

Myocardial 
histology, 
nitrotyrosine 
formation, 
expression of 
cytokines, and ER 
stress  

MCP-1 transgenic 
mice and wild 
type mice 

15 nM 
2X/week for 
2 weeks 

CNPs show protection 
against ROS-induced 
cardiac dysfunction, 
reduces the expression of 
pro-inflammatory 
cytokines and reduces ER 
stress 

13 

Dextran-coated 
nanoceria 

Peroxide injury 
model 

MCF-7 and CRL-
7303 cell line 

 pH-dependent protection 
offered by dextran coated 
CNPs. Only protection at 
near neutral pH and no 
protection at acidic pH 
values 

14 

Water based 
direct synthesis in 
solution (3-5nm 
in agglomerates 
of 15-20nm) 

Inflammation 
protection and 

J774 
Macrophages 

10 nM to 10 
µM 

CNPs reduces the 
inflammation by 
scavenging ROI and 
reducing the expression of 
pro-inflammatory enzymes 
such as i-NOS and Cox-2 

15 

High temperature 
(8nm,  cubic) 

Oxidative stress 
measurement using 
MTS assay and ROS 
generation using 
abiotic and biotic 
conditions 

Raw 267.4 and 
BEAS-2B cell line 

 CNP exposure did not 
result in oxidative stress. 
Cellular internalization of 
CNPs without any 
structural changes in 
mitochondria through 
membrane lined vesicles 

 16 
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Synthesis and 

Size 

Type of Study Cell Line Dosage Results Ref 

Precipitation and 
calcination at 800 
(6-16nm) 

Alzheimer’s model SH-SY5Y 
neuroblastoma cells 

100 µM CNPs instigate the neuronal 
survival through signaling 
pathways such as ERK1,2, 
ERK5 and BDNF. 
Protection by the CNPs 
points towards their 
function as modulator of 
pathways crucial for 
neuronal survival 

17 

Microemulsion 
stripped off 
surfactant (3-5 
nm) 

Radiation induced 
Pneumonitis 

CCL 135 and in vivo 
(athymic nude mice) 

0.0017µg/mL in 
vitro and  0-135 
mg/kg  in vivo 

CNPs are well tolerated 
and protect from radiation 
induced cell death and 
pneumonitis. CNPs were 
shown to provide better 
protection than amifostine 
the only acceptable and 
currently available drug 

18 

Dextran coated 
CNPs (5,12 14 
and 100 nm) 

Oxidase like property 
at acidic pH 

N/A N/A Dextran coated polymers 
can oxidize various 
biologically relevant 
molecules at acidic pH 
without the use of 
hydrogen peroxide. 
Conjugation of CNPs with 
organic targeting  ligands 
can be used as detection 
tool in immunoassays 

19 

PAA stabilized 
and citrate 
stabilized water 
soluble CNPs(1-
2nm) 

Antioxidant property 
of nanoparticles to 
prevent oxidation of 
anthocyanins by 
peroxides 

N/A N/A CNPs protect anthocyanins 
(bioflavonoids) from 
oxidation by hydrogen 
peroxide. The antioxidant 
activity of CNPs exceeds 
that of polyphenols. 

20 
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Synthesis and 

Size 

Type of Study Cell Line Dosage Results Ref 

CNPs synthesized 
directly in PEG 
(3-5 nm in 
agglomerate of 
15-20nm). 

Superoxide and 
hydrogen peroxide 
scavenging 

HaCat (keratinocyte) 
cell line 

0 – 500 µM CNPs as well as PEGylated 
CNPs were biocompatible 
upto 500uM concentration. 
CNPs in very high 
concentration (80%) show 
slight decrease in cell viability 
at incubation time ≥ 48 hrs. 
Superoxide scavenging was 
unaffected by PEG 
concentration  

21 
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1.3  Antioxidant behavior of CNPs  

Among various catalytic applications shown by the CNPs, one of the most interesting 

properties which was discovered by our group is the catalytic reaction with superoxide (O2
-

)[11, 22].  We are currently investigating whether these nanoparticles can also react with 

peroxides and reactive nitrogen species such as nitric oxide radical or peroxynitrite.  The 

rationale for such studies lies in the knowledge that other SOD mimetics are capable of 

catalytic removal of hydrogen peroxide or peroxynitrite[23].  The catalytic removal of 

superoxide and potentially other ROS and RNS species is likely the molecular mechanism 

behind the ‘antioxidant’ properties that these nanoparticles have exhibited in several cell 

culture and animal studies. We will briefly review this work, followed by an analysis of how 

the chemistry of cerium oxide and its synthesis relate to the catalysis in biologically relevant 

conditions. 

Radiation therapy, one of the most accepted methods for treatment of cancer, is not selective 

and causes equivalent damage to both cancerous and normal cells. Ionizing radiation 

produces a cascade of free radicals that damages the normal cells in the close proximity of 

tumor cells. In controlled experiments CNPs  were shown to protect primary cells against 

radiation-induced damage (0 – 10 Gy dose range) while not signficantly altering death of 

tumor cells[8]. Differences in the inter and intracellular pH between the normal and the tumor 

cells were attributed to possible reasons for differential efficacy of CNPs in protecting 

normal cells as compared to tumor cells. In a more recent study CNPs were shown to protect 

against radiation induced pneumonitis using both in vitro and in vivo models[18]. Nanoceria 

not only prevented the radiation induced damage but also outperformed the currently 

accepted and widely used drug amifostine for prevention of radiation-induced damage. 

Although the mechanism of protection is lacking, these exciting results require further 
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studies to determine the nature of catalytic activity exhibited by CNPs which imparts 

differential protection of terminally differentiated ‘normal’ cells versus cancer cells. 

In another study, CNPs (10 nM to 1000 nM concentration) protected against light-induced 

injury in a retinal neuronal culture model, and preserved visual function of the retina in an 

animal model[9]. Protection by CNPs occurred across the entire retina and was not limited to 

the area of injection of the nanoparticles. Post treatment with CNPs in a sensitized cell also 

protected cells from further damage induced by a cascade of ROS.  

This initial animal study ignited the research in our group to understand the mechanism of 

action of these nanoparticles. After an initial screen to determine whether CNPs were potent 

scavengers of several ROS and RNS, we found that CNPs exhibited potent SOD mimetic 

activity[11] in an initial report. It was subsequently shown that CNPs with higher Ce3+/Ce4+ 

ratio (likely due to oxygen vacancies at the surface) displayed a higher SOD activity than the 

ones with lower Ce3+/Ce4+ ratio[24]. It was further shown by changing the Ce3+/Ce4+ ratio that 

the SOD activity decreases with oxidation of CNPs (by high levels of H2O2) and the 

scavenging activity returns upon reduction of the particles in solution. Using combined UV-

VIS and EPR analysis, the specificity of CNPs to react with superoxide radicals was also 

shown[24]. Our group is currently testing the hypothesis that these nanoparticles will indeed 

behave similar to a class of manganese porphyrins that are well described as SOD 

mimetics[23]. 

Oxidative stress and generation of free radicals are also associated with several 

neurodegenerative diseases such as trauma, aging, Alzheimer’s and Parkinson’s disease. The 

ability of CNPs to prevent oxidative stress induced damage was extended to the neuronal 

cells and it was shown that a single dose of CNPs could trigger the survival of brain cell 
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neurons against peroxide mediated injury[12]. Schubert et al[10] reported protection from 

exogenous oxidants in a neuronal cell line (HT22) in the presence of cerium oxide and 

yttrium oxide nanoparticles (another rare earth oxide material). We have not been able to 

observe any catalytic activity in yttrium oxide nanoparticles in vitro, so the mechanism by 

which these particles protected these cells is still speculative and may depend on how the 

materials are made in the laboratories. Recently, D’Angelo et al[17] showed ability of CNPs 

to trigger neuronal survival (neuroblastoma SH-SY5Y cell ine) in a human Alzheimer 

disease model. It was suggested in this study that CNPs (calcined preparation) not only act as 

antioxidants but also affect signal transduction pathways involved in the neuroprotection. 

Perhaps the most interesting feature of this work was the protection offered by CNPs 

calcined at 800oC which shows that even after high temperature treatment the activity of the 

nanoparticles was not lost. These results suggests that CNPs can also affect the expression of 

proteins in a mammalian cell, although we have not observed signficant changes in CNP 

treated cultures (data not shown).  

Both reactive oxygen and nitrogen species play a critical role in development of 

cardiovascular diseases. Using a transgenic mouse model expressing monocyte 

chemoattractant protein-1 (MCP-1), CNPs were shown to protect against inflammation 

induced by high levels of this cytokine, and the protection reduced biomarkers of ROS and 

RNS[25]. It was shown that redox sensitive transcription of pro inflammatory factors such as 

Tumor necrosis factor-α, Interleukin-6, MCP-1 and Interleukin-8 were significantly 

suppressed by injection of the animals with CNPs. CNPs also supressed endoplasmic 

reticulum (ER) stress and reduced the apoptic cell death in the myocardium. This was the 

first study to show that CNPs could protect against vascular injury related to ROS from the 
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pro-inflammatory response. Taken together with results in neurodegenerative and cancer 

models, there is good evidence that CNPs protect against oxidant injury through their ability 

to scavenge superoxide, similar to the mechanism of protection afforded by fullerenes. 

1.4  Oxygen vacancies and defect engineering of CNPs - role in catalysis  

Cerium oxide (ceria) is one of the most versatile rare earth oxide materials. Cerium is a rare 

earth metal of the lanthanide series and exists in two different oxidation states 3+ and 4+ 

which differ from the occupation of one electron in the 4f orbital. Due to the its two different 

stable oxidation states, ceria can exist in two forms of oxides as Ce2O3 ((sesquioxide) having 

a hexagonal lattice [26] and CeO2 with a cubic fluorite lattice structure. The lattice oxygen in 

cerium oxide is considered to be highly mobile over a wide range of working temperatures. 

High oxygen mobility imparts several important properties to nanoceria such as (i) oxygen 

storage and release (ii) promoting noble metal activity and dispersion for application in 

catalysis[27] (iii) stabilization of chemically active Ce3+ oxidation state (iv) reduction in band 

gap and solar cells[28]. All the properties mentioned above are governed by the ease of 

creation, availability at the surface/subsurface and distribution of the oxygen vacancies. In 

case of ceria, creation of an oxygen vacancy by removing a neutral oxygen atom leads to 

localization of two electrons  over 4f states[29, 30]. Such a localization results in reduction of 

two coordinated cerium cations (from Ce4+ to Ce3+) per oxygen and if there is a cluster of 

vacancy formed on the surface it can lead to the formation of a hot spot having a cluster of 

Ce3+ ions while the cerium ions adjacent to these trivalent ions still maintain their tetravalent 

character[30]. Thus the creation of oxygen vacancies stabilizes the thermodynamically 

instable Ce3+ in cerium oxide.  

It was shown that the oxygen vacancies could originate on the surface or subsurface and could 

act as catalytically active hot spots[29]. Recent observations through scanning tunneling 
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microscopy (STM) have shown these surface and subsurface single vacancies and their clusters 

as dimers or trimers however, theoretical work [31] show that the formation of diads and triads of 

vacancies as an energetically uphill task. A more important observation from the point of view of 

biological applications of nanoceria is the defect structure and ease of formation of vacancies in 

aqueous solution[32]. Adsorption of water molecule on the surface reduces the energy of 

formation of vacancy by a significant margin[33]. Such an observation thus emphasizes the 

synthesis of highly pure CNPs directly in water without the need for precipitation and re-

dispersion techniques. While most of the theoretical models seem to agree with the relative ease 

of adsorption of water (0.25 to 1 monolayer [ML]) on reduced ceria surfaces, theory seems to 

disagree about the role of water in reduction or oxidation of cerium oxide at the nanoscale 

regime. It is hypothesized that there is slight possibility of oxidation of water molecules on the 

surface of ceria and the results seems to agree, at least qualitatively, with the simulations from 

Watkins et al[34] and Chen et al[35] while other literature seems to disagree with this observation 

on stoichiometric ceria surfaces[32]. This observation is in stark contrast to the experimental 

observation where water does not seem to oxidize the reduced ceria surface[36]. In a more 

detailed investigation it was reported that the presence of water molecules on stoichiometric 

ceria surface may increase the number of vacancies on ceria (111) surface[32]. Thus the aqueous 

media around cerium oxide nanoparticles may favor the surface reduction and retention of Ce3+ 

oxidation state. 

1.5  Oxidation state and formation of oxygen vacancies as a function of size and dopants  

Creation and mobility of oxygen vacancies on cerium oxide at elevated temperatures is well 

documented. Several properties including catalytic activity, corrosion prevention and oxygen 

storage capacity (OSC) of cerium oxide was explained in terms of creation of vacancies and 

subsequent reduction of cerium from Ce4+ to Ce3+ oxidation state at elevated temperatures[37, 
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38]. The oxygen nonstiochiometry at elevated temperatures can be retained upon fast 

quenching of particles. To a similar extent the doping of various trivalent lanthanides has 

also been investigated with the purpose of creating oxygen vacancies and/or subsequent 

reduction of cerium. Various lanthanides such as lanthanum, samarium, gadolinium and 

yttrium have been used as dopants in cerium oxide and investigated for various 

applications[39]. Doping of lower valence cations in cerium matrix results in the creation of 

oxygen vacancies (and reduction of Ce4+ to Ce3+ maintain the charge neutrality in the 

system) and forms solid solution with the dopant element of the form Ce1-xRxO2-y (where R 

refers to the dopant rare earth metal, X refers to the lattice site and V refers to the 

vacancy)[40]. It goes without saying that the lattice structure should not be modified by 

doping and the doping element should replace cerium substitutionally rather than 

interstitially. The formation of oxygen vacancies can be represented in Kroger Vink Notation 

as: 

2Cex
Ce + Ox

O = 2Ce`
ce + V**

O + ½ O2(g)  (1) 

Thus replacement of two cerium tetravalent ions with two trivalent rare earth ions results in 

oxygen nonstoichiometry with formation of one oxygen vacancies and reduction of two 

cerium atoms adjacent to the oxygen vacancy to maintain charge neutrality in the system.  

Reducing the size of the particles to the nano regime introduces oxygen non stoichiometry in 

the oxide systems including cerium oxide. . The oxygen nonstoichiometry increases with 

decrease in particle size and it was shown by Deshpande et al[41] using rigorous X-ray 

Photoelectron Spectroscopy (XPS) measurements . The dependence of oxidation state on the 

size of nanoparticles is not linear and the values in literature differ with variation is the 

synthesis procedures and inability to produce and demonstrate conclusively a monodisperse 
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size of nanoparticles free from adsorbed impurity (Table 2). Reducing the size of the 

nanoparticles down to nano regime increases the percentage of surface atoms thereby 

increasing the number of unsatisfied and uncoordinated atoms/bonds. Such thermodynamic 

instability can be accompanied creation of oxygen vacancies and charge redistribution 

causing the reduction of surface cerium atoms to Ce3+ while the atoms in the core remain 

Ce4+. Such a core shell structure for CNPs was demonstrated using Electron Energy Loss 

Spectroscopy (EELS) wherein the surface concentration of Ce3+ varied significantly from the 

bulk  as the particle size decreased below 15 nm. The authors predicted a fully reduced CNPs 

at 3-5 nm particle size)[42]. 

Table 1-B: Size dependent changes in concentration of trivalent cerium in CNPs 

Particle Size 

(nm) 

Ce3+ 

concentration 

Synthesis Quantification Methodology Ref 

23-28 15.6 Thin Films  XPS 43 

3 

6  

30 

44 

29 

17 

Microemulsion  

Water based  

Thermal  

XPS 41 

3 18 Templated on Silica aerogel Electron Magnetic Resonance (EMR) 44 

6 

10 

5000 

 

4 

10 

35.6 

24.2 

12.5  

 

6 

1 

Wet chemical and 
precipitation 

 

 

 

Wet chemical and 
precipitation 

XPS  

 

 

 

X-ray Absorption Near Edge Spectroscopy 
(XANES) (subtraction method) 

45 

 

 

45 
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Particle Size 

(nm) 

Ce3+ 

concentration 

Synthesis Quantification Methodology Ref 

7 

4.6 

2.6 

21 

38 

74  

Size fractionation after 

emulsion synthesis 

Lattice expansion model 46 

 

1.6  Potential mechanisms of antioxidant properties  

The mechanism of antioxidant action of CNPs and the ability to regenerate and cycle between 

the trivalent and tetravalent oxidation state in biological environment is relatively uknown. The 

chemical and physical aspects in reaction of cerium oxide with ROS and its regeneration have to 

be addressed in more detail before coming to conclusive mechanism. As explained earlier the 

only definitive mechanism known so far is the clear scavenging of superoxide, and this property 

correlates with a higher content of Ce3+ oxidation state in the material. It was reported recently 

that CNPs do not show antioxidant property at acidic pH[14, 20]. A review of literature on 

cerium chemistry could explain some of the redox reactions of cerium ions with hydrogen 

peroxide. The perplexing chemistry of cerium with hydrogen peroxide in highly acidic 

medium was identified as early as 1951[47]. Several publications then identified the course of 

mechanism through the reversible reaction of cerium with hydrogen peroxide (equation 2, 3, 

4) at highly acidic pH[48-51]. 

Ce4+ + H2O2  Ce3+ + HOO- + H+    (2) 

Ce4+ + HOO-  Ce3+ + H+ + O2   (3) 

Ce3+ + HO2 + H+  Ce4+ + H2O2    (4) 
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All these reactions were studied at highly acidic pH values of 1.5 or below. Attempts were 

made to determine the rate of forward (K1) and backward (K-1) reactions and it was 

suggested that K1 and  K-1 could compete with each other and thus can not only scavenge 

hydrogen peroxide but may also lead to formation of hydrogen peroxide at acidic pH[52]. 

Thus it seems reasonable to argue that at acidic pH at some relative concentration of  

Ce3+/Ce4+ the scavenging action of cerium towards H2O2 may not be kinetically favorable. It 

must be noted that most of the reactions listed above were observed with cerium ions while 

we are comparing the mechanism for nanoparticles being a solid heterogenous phase. Thus 

there exists two different complexities in deciphering the mechanism of action of CNPs 1) 

CNPs are present as heterogenous particles (not ions) and must react slowly (as compared to 

other surrounding being diffusion limited) with homogenously present free radicals 2) The 

physiolgical pH is different than the commonly documented reactions and mechanism for 

reaction of cerium ions with hydrogen peroxide. The most plausible rationale for the reaction 

of nanoparticles as a heterogenous phase with homogenously distributed free radicals could 

be argued if we consider ultra small nanoparticles of the order of few nano meters. In such a 

case the physical boundary between the particles and clusters of ions could be diminishing 

and one can assume the CNPs to be present in the form of soluble ceria. Thus the reaction 

between soluble nanoparticles and soluble free radicals will no longer be diffusion limited.  

1.7  Presence of ionic species 

Some insights into the reaction of CNPs at a range of pH and its inability to protect cells at 

slightly acidic pH could be gained from the modified pourbaix diagram of the system 

Ce(III/IV)-H2O-H2O2/O2 systems developed by Yu et al[53]. These diagrams which were 

developed for understanding the cerium based conversion coatings serve as perfect example 

how interdisciplinary nature of science can help the scientists to understand and unravel 



20 
 

perplexing phenomenon through mingling of unrelated fields. It was established that at 

reduced pH (<1.0) Ce4+ could be reduced to Ce3+ by H2O2 while at pH values between 1.0 – 

4.0 Ce3+ will be oxidized to Ce4+ by H2O2 depending upon the concentration of H2O2. An 

important finding from this study was the fact that the final species formed from the 

oxidaiton of Ce3+ may not be just CeO2 but several intermediate species may form such as 

Ce(OH)3+, Ce(OH)2
2+, and Ce(OH)4. Considering that in the case of CNPs there are no free 

Ce3+ ions makes the situation diffcult to reconcile[53, 54]. Nonetheless it suggests that the 

redox conditions under mild to severely acidic pH may form different surface species on 

CNPs that may induce potential toxicity to cells which could be misinterpreted as pH-

dependent antioxidant activity. It is clear that a better understanding of the catalytic nature of 

CNPs in biologically relevant conditions is needed. 

1.8  Regeneration via complexation. 

The complexation of cerium with hydrogen peroxide has been used previously to detect the 

presence of intracellular H2O2. It was shown that ceruim ions, administered in the form of 

free cerium chloride, form an electron dense complex (cerium monoperoxy hydroxide – 

Ce(OH)2(OOH) that can react with hydrogen peroxide and could be detected by transmission 

electron microscopy[55]. Recently, this complex has been a focus of numerous studies in the 

area of material science and Scholes et al[56, 57] could show that the oxidation of Ce (III) to 

Ce(IV) upon reaction with hydrogen peroxide occurs through formation of an intermediate 

compound cerium oxy peroxo complex CeO2(OH)2 . In contrast, Djuricic et al[58] described 

this compound as Ce(OH)4-x(OOH)x based on  thermogravimetric analysis.  Even though 

both studies started with cerium ions and report the formation of a complex after addition of 

hydrogen peroxide to cerium ions, we have observed the formation of this compound upon 

addition of hydrogen peroxide to grounded cerium oxide nanoparticles (below 20 nm) and an 
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aqueous suspension of CNPs. Further evidence on the tendency of CNPs to form peroxo type 

complexes was reported by Guzman et al[59]. Thus the formation of peroxo complex is a 

natural tendency of cerium whether present as an ion or nano oxide.  How this unstable 

peroxo complex decomposes determines the final oxidation state of CNPs. Scholes et al[56] 

described that the peroxo complex forms in alkaline medium and decomposes in air as 

Ce(III) + H2O2 + 2OH-  CeO2(OH)2 + 2H+  (5) 

 CeO2(OH)2  CeO2 + 1/2O2 + H2O   (6) 

Such decomposition of peroxo complex in air was reported to occur over a period of several 

months. The decomposition of such complex may occur through different mechanism in 

water and we have observed that in contrast to equation 6, CNPs are regenerated with higher 

Ce3+ oxidation state rather than stoichiometric ceria as suggested. The role of water and 

surrounding pH is critical to this observation and is currently under investigation. 

1.9  Role of vacancies and defects in scavenging ROS 

As stated earlier, ceria is a versatile redox catalyst used for several different applications 

such as combustion of organics, car exhaust gas cleaning, water gas shift (WGS), carbon 

monoxide preferential oxidation (PROX), intermediate temperature solid oxide fuel cells or 

sulfur removal in FCC units. The release of lattice oxygen reduces the cerium from Ce4+ to 

Ce3+ with oxidation of adsorbed species on the surface. During the process of re-oxidation 4 

electrons are transferred from neighbouring Ce3+ to the incoming oxygen molecule (O2) to 

produce two oxygen anion O2
- in the lattice. Reactive oxygen intermediates such as 

superoxide and peroxide have been identified on the surface of CNPs using electron 

paramagnetic resonance and vibrational spectroscopy. For example, spectroscopic evidence 

for the presence of peroxide species was reported during the oxidation of CO to carbon 
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dioxide[59]. However these studies and many similar reports are carried out at high 

temperatures and thus direct analogy to a biological aqueous reaction is tenuous. However, 

the atomistic simulation of electron transfer from Ce3+ to the adsorbed oxygen, superoxide 

and peroxide species could serve as good starting point for developing theoretical 

understanding of the reaction mechanism. The combination of studies to determine the 

catalytic reactions of CNPs in aqueous solution with this literature can give a clearer picture 

of the reactivity of CNPs in the coming years. 

1.10 Recent studies highlighting bioavailability.  

Thus far the focus of research has centered on exploring the use of CNPs as antioxidants in 

different models that are affected and/or controlled by ROS. Current gaps exist in our 

understanding of how these particles work in culture and animal models. Two critical areas 

include the biodistribution and bioavailability of CNPs in cells, tissues and animals and 

theoretical modeling and catalytic properties of CNPs with ROS and RNS in an aqueous 

environment. In one of our recent studies we have shown that CNPs can be tailored to have 

both SOD mimetic and catalase mimetic properties by synthesizing NPs directly in 

polyethylene glycol[60]. It was hypothesized that CNPs form a charge transfer (CT) complex 

with PEG in presence of hydrogen peroxide and the regeneration of the trivalent oxidation 

state of CNPs is a function of decomposition of this CT complex. The pH dependent oxidase 

like property of CNPs by coating the NPs with dextran and poly acrylic acid (PAA) is 

documented[19, 61,47]. It was shown that the organic coating can interfere with the activity of 

NPs and thus with the use of thinner coatings the authors could demonstrate CNPs as a tool 

for developing immunoassays under acidic conditions. The oxidation state of cerium in CNPs 

was not discussed in these reactions and it seems that for demonstrating oxidase like activity 

the NPs should have higher tetravalent oxidation state in acidic environment. In terms of 
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drug delivery Mallik et al[62] have demonstrated the use of CNPs as a drug delivery medium 

for treatment of glaucoma by attaching the human carbonic anhydrase II (hCAII) inhibitor to 

nanoceria. The choice of CNPs as the delivery medium arises from the two different 

properties a) excellent diffusion and b) the ability of CNPs to protect the retina from 

oxidative stress. Biodistribution is largely unstudied, yet one study showed that a single tail 

vein injection of mice resulted in the detection of electron dense precipitates in various 

organs of the body[15]. More importantly the histological examination of stained thin sections 

of major organs post 7 days of injection (liver, spleen, brain, kidney and pancreas) were free 

from any lesions and did not show any significant differences as compared to the control 

mice. The distribution and rate of removal of these nanoparticles from these organs is 

currently under investigation to determine the pharmacological profile and potential toxicity 

of CNPs. 

1.11 Toxicity of CNPs 

In contrast to numerous studies on toxicity of fullerenes, relatively few have dealt with 

toxicity of rare earth oxides. Specifically only cerium oxide nanoparticles have been studied, 

yet as in the case of fullerenes, results are conflicting between these reports. This is likely 

due to differences in the procedures used to synthesize these nanoparticles, leading to 

changes in particle structure and surface chemistry. Nonetheless we will consider the results 

from each study, and discuss our unpublished findings as well. 

Lin et al. first analyzed the toxicity of cerium oxide nanoparticles (20 nm in diameter) 

produced by a supercritical synthesis in BEAS-2B cells (lung) in 2006[73]. They found 

increases in reactive oxygen species, decreases in glutathione levels and increases in 

malondialdehydes. The range of concentrations used in this study was from 3.5 to 23.3 

µg/mL, and this represents concentrations in the 20-150 micromolar range (with respect to 



24 
 

cerium concentration). A second study by the same group analyzed similar endpoints in the 

same culture model system, this time altering average particle size from 15 nm to 45 nm[74].  

Again, an increase in oxidative stress was observed, this time monitoring changes in gene 

expression. The range of concentrations in the second study was from 30-250 micromolar. A 

more recent paper by the same group built upon previous studies show that several major 

regulatory pathways were stimulated including p38 MAP kinase, nuclear factor-kappaβ (NF-

kappaβ) and nuclear factor-E2-related factor-2 (Nrf-2). Nrf-2 is well known to be a global 

responder to oxidative injury.  Thus it is clear that this preparation of cerium oxide leads to 

toxicity in this cell line. 

Using the same culture model, Nel and his colleagues compared the toxicity of ZnO and 

CeO2 nanoparticles[16]. While ZnO exposure elicited an oxidative stress response, cerium 

nanoparticles did not. Moreover CNPs protected cells against oxidative injury. This study is 

in stark contrast to those discussed above. It should be noted that in both studies the 

subcellular localization of CNPs was tested and these particles were found to be largely 

perinuclear[16, 74]. A more recent risk analysis of the safety of CNPs as a fuel additive also 

suggests there is little toxicity of these materials, and a similar finding that CNPs are not 

genotoxic[75, 76]. 

Although our group has not focused on toxicity of these materials, we have tested CNPs in 

various culture models in concentrations ranging from low nano-molar to low milli-molar levels 

(with respect to cerium). We have shown that these particles are not toxic at nano-molar to 

micro-molar levels in several publications [21, 22, 77]. At high micro-molar to milli-molar ranges 

(750 µM – 1 mM) we do see toxicity in many cell types such as A549, HaCat, and HUVECs 

(data not shown). This is based on assessment by either tetrazolium dye reduction (MTT) or 
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release of lactate dehydrogenase (LDH). These levels are extremely high, and it is likely that 

CNPs are toxic due to their bulk interference in redox-dependent biological processes given the 

nature of the surface chemistry, or perhaps due to one-electron reduction of oxygen to form 

superoxide. We cannot however resolve the differences in toxicity of wet chemical synthesis (our 

preparations) and supercritical synthesis procedures of the Park group [73, 74, 78]. We suspect either 

changes in surface chemistry or the cell-nanoparticle interactions are quite different, as it is clear 

that their preparations are characterized with hard, angular edges [73, 74]. However it is clear that a 

comprehensive animal toxicological profile (absorption, distribution, metabolism, and excretion 

or ADME) is needed to better understand the toxicology and the potential benefit of CNPs in 

biology. 
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2 WATER INDUCED BLUE SHIFT IN CERIUM OXIDE 

NANOPARTICLES 
2.1 Introduction 

In present communication we report the possible origin of blue shift in water suspended 

nanoceria particles and its dependence on concentration of Ce3+ using both experimental and 

computational results at constant particle size. Ceria (cerium oxide) is one of the most abundant 

rare-earth metal oxides. It attracts the interest of researchers due to its particularly high 

performance in a variety of applications such as catalysis, fuel cells and biomedical applications, 

especially in nanocrystalline form1-4. Bulk cerium oxide has at least two stable stoichiometries: 

the cubic fluorite-type dioxide (CeO2) Fm3m
5 and the hexagonal cerium sesquioxide (Ce2O3) P-

3m
6. Close thermodynamic stability of these stoichiometries leads to continuous range of 

partially reduced (also called “mixed valence”) CeO2-x phases, where oxygen vacancy can be 

rapidly formed or eliminated1. As a result of this “oxygen storage capacity”, ceria is used in 

number of catalytic processes, most notably for purification of exhaust gases in three-way 

automotive catalytic converters2,3. It was shown that concentration of Ce3+  in nanoceria also 

critically influences its optical properties7-15. Several studies have been reported on optical 

properties of nanocrystalline thin films7-11 and solvent suspended ceria nanocrystallites12-15. For 

both systems direct and indirect optical electronic transitions are associated with O2p→Ce5d and 

O2p→Ce4f electronic excitations. In the case of nanostructured ceria thin films red shift for both 

direct and indirect bands was observed experimentally with decrease in nanoparticles’ size7-9. In 

contrast, shift to higher energy in absorption spectra with decrease in nanocrystalline size, was 

observed in toluene and aqueous sols of ceria nanoparticles 12-17. Different theories attributed this 

blue shift to the change in valence state Ce ions8,9,12-15,18 or the quantum confinement effect19,20 

and the role of suspending media and its dependence on concentration of Ce3+ has been 

neglected to a large extent.  
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2.2 Results and discussion:  

In current experiments we used ceria nanoparticles of 3-5 nm in diameter synthesized by wet 

chemical procedure described elsewhere21. The values of direct and indirect optical band gaps 

were measured using the conventional method22. Results presented in Fig. 1a, along with various 

reported values in literature, show a blue shift with increase in concentration of Ce3+. Further 

confirmation of the oxidation state of cerium was obtained from x-ray photoelectron 

spectroscopy which demonstrated that cerium was predominantly present in Ce4+ oxidation state 

upon oxidation by H2O2, while aging in acidic solution reduced cerium to the trivalent oxidation 

state (Ce3+) as shown in Fig. 2a. The exact origin of this reduction upon aging in water/H2O2 is 

not clear at present. The individual particle size of the 3-5nm was confirmed for both oxidized 

and reduced surface by transmission electron microscopy as observed in Fig. 2b and 2c. 

Summarizing, the experimental observations reveal the blue-shift in optical transitions with 

increase in [Ce3+] in the nanoparticles. An opposite trend as compared to the previously reported 

experimental data9 (a red shift in the indirect optical transitions with increase in concentration of 

Ce3+) could be explained if the solvent effect is taken into account. Strong polarizing effect of 

aqueous environment results in a blue shift in optical transitions of cerium oxide nanoparticles 

with increase in concentration of Ce3+.  

The selection of representative nanoparticle structure is critical for the reliability of the 

prediction. The smallest possible nanoparticle with octahedral shape was constructed by cutting 

off (111) planes from the bulk fluorite CeO2 lattice. These nanoparticles with chemical formula 

Ce19O32 and Ce44O80 are presented in Fig. 1b and are in accordance with the experimental 

findings23,24-26. Ceria nanoparticles at the size range considered are inherently non-stoichiometric  
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and thus we used octahedral non-stoichiometric nanoparticles instead of introducing oxygen 

vacancies in the most stable stoichiometric ceria nanoparticles27,28. 
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Figure 2-1: (a) Theoretically calculated direct and indirect optical band gaps for bare and water 
covered Ce19O32-n and Ce44O80-n NPs in comparison with corresponding experimental values 
measured in aqueous solution (present work) and literature available results for nanocrystalline 
ceria film prepared in ultrahigh vacuum chamber. 9 (b) Theoretically investigated octahedral 
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ceria nanoparticles which are cut by (111) planes from the bulk CeO2 to form the non-
stoichiometric particles. 

To investigate the effect of water on electronic properties of nanoceria we considered ceria 

nanoparticles with 12 and 24 water molecules adsorbed on the surface (for Ce19O32 and Ce44O80 

models, respectively) to provide 1 ML (monolayer) of the surface coverage. Effect of the other 

molecules or ions in bulk liquid water was neglected. Adsorbed water forms two hydrogen bonds 

with the oxygen atoms on the surface of the nanoparticle in a configuration similar to the one 

reported by Fronzi et al29. Binding energy between ceria nanoparticles and H2O was calculated to 

be 0.54 eV per adsorbed water molecule, in close agreement with the previous DFT studies 7,11,29.  

We compared the calculated PDOS of ceria nanoparticles with PDOS for bulk CeO2 and Ce2O3 

(not shownf 30). The calculated values of Ein for indirect O2p→Ce4f and Ed for direct 

Ce4d→Ce4f electronic transitions are c.a. 2.38 eV each for bulk CeO2. The corresponding 

experimental values for electronic transitions to the localized 4f states within the band gap are 

equal to 3.3 and 3.6 eV respectively10. The theoretical values of optical band gap for bulk ceria 

are underestimated even at DFT+U theory level, and can be overcome only by using hybrid DFT 

approach30,31. The direct band gap of bulk ceria on the other hand corresponding to the O2p-

Ce5d transition has an experimental value of 6 eV32 which is in close agreement with our 

calculated value of Ed = 5.33 eV. In the case of Ce2O3 the band gap of 2.4 eV was reported and 

associated with intra-atomic Ce4f→Ce5d transition33.  

Comparing PDOS for both modifications of bulk ceria with corresponding values for the model 

ceria nanoparticles (Fig. 3), one can observe that electronic properties of nanoceria are 

qualitatively closer to Ce2O3 rather than to CeO2. For the model ceria nanoparticles the 

calculated values for indirect (O2p-Ce4f) and direct (O2p-Ce5d) transitions are equal to 2.31 eV 

and 3.37 eV for Ce19O32, 2.52 eV and 3.3 eV for Ce44O80 respectively. Calculated location of 
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indirect band is found to be approximately 0.8 – 1 eV below the direct band. This is in a good 

agreement with experimental observations, which report the indirect band located c.a. 0.5 eV 

below the direct one7,9. Calculated trends in the optical band gaps for Ce19O32 and Ce44O80 agree 

with dependence of the band gap on Ce3+/Ce4+ ratio observed in nanostructured ceria films9. The 

small discrepancy arises from the size of theoretical model of nanoceria which is significantly 

smaller than the experimentally obtained nanoparticles.  

 

Figure 2-2 a) XPS spectra depicting the predominant oxidation states of cerium oxide 
nanoparticles upon treatment with hydrogen peroxide (oxidized (Ce4+)– peaks at 882.3, 888.1, 
898.0, 906.8 and 916.7 eV ) and upon aging in aqueous acidic medium (reduced (Ce3+) – peaks 
at 885.1, 899.5 and 903.5 eV). HRTEM images depicting that the particles size remains 
unchanged (3-5nm) in b) oxidized and c) reduced cerium oxide nanoparticles and thus the 
changes in the band gap can be ascribed only to the oxidation state of nanoparticles. The peaks 
between 875 and 895 eV belong to the Ce 3d5/2 while peaks between 895–910 eV correspond to 
the Ce 3d3/2 levels. The peak at ~916 eV is a characteristic satellite peak for Ce4+ oxidation state 
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We further investigated the optical band gap dependence on the Ce3+/Ce4+ ratio, considering 

nanoceria of fixed size with varying number of oxygen vacancies. Results of theoretical study 

are summarized in Fig. 1a and compared with experimental data available from the literature9, 

and measurements from the present work.  

 

Figure 2-3: Calculated electronic DOS for (a) Ce19O32 with adsorbed oxygen molecule; bare (b) 
Ce19O32; (c) Ce44O80 nanoparticles; (d) Ce19O32-(H2O)12; (e) Ce44O80-(H2O)24. Zero level energy 
is selected to be the top of the occupied O2p band. Projected density of states (PDOS) 
demonstrate that PDOS of the adsorbed oxygen molecule are similar to the PDOS of bare O2

2- 
specie (not shown), but differ from PDOS for bare oxygen molecule which has two unpaired 
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electrons in the ground state. Analysis of the charge and spin distribution in the system reveal the 
transfer of two electrons from ceria particle to the adsorbed oxygen molecule resulting in 
oxidation of cerium ion. The adsorption of water molecules leads to splitting of empty f levels 
giving multiple peaks in indirect optical transition.  

Calculated values of optical indirect band gap for both the nanoceria particles (Ce19O32 and 

Ce44O80) are smooth functions of [Ce3+] while the values of direct band gap for both bare and 

water covered nanoceria are nearly independent of [Ce3+]. While Ed values are close for Ce19O32 

and Ce44O80 nanoparticles (they differ by about 0.05 eV), adsorption of the water molecules 

leads to significant (0.3eV) blue shift in Ed. More quantitative comparison with experimental 

values is complicated by the fact that only the size dependence of Ed had been reported, without 

direct measurements of change in [Ce3+] at constant particle size. Current and future experiments 

from our group are aimed at filling this gap. Both the models of nanoceria demonstrate red-shift 

in indirect optical band gap with increase in [Ce3+] in the absence of water. The value of Ein 

steadily decreases from 2.52 eV for [Ce3+]=0.36 to 1.89 eV for [Ce3+]=0.84. The slope of Ein 

increases with increase in concentration of Ce3+. The theoretical results for latter case are in good 

qualitative agreement with experimental measurements performed on nanostructured ceria thin 

films7,9. In contrast, the presence of water increases the value of Ein observed by both 

computational modeling and experimental measurements as a function of concentration of Ce3+. 

Theoretically obtained increase in Ein in the considered range of concentration of Ce3+ is c.a. 

0.2 eV, nearly twice less than experimentally observed variation in Ein. This difference in values 

could arise from the different range of Ce3+/Ce4+ ratio under investigation. 

2.3 Summary 

Both values of optical band gaps for direct and indirect transitions depend on the aqueous 

environment. Polarization by the water molecules leads to significant blue shift in Ed that is 

independent of concentration of Ce3+ or number of f-electrons. This independence is expected 
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from O2p→Ce5d electronic transition. Energy of d-levels is independent of f-electrons, and in 

turn Ed is independent of concentration of Ce3+. In contrast, value of Ein depends on structure of 

f-band and is sensitive to the amount of f-electrons in the system. For bare nanoceria particles 

increase in concentration of f-electrons (due to increase in concentration of Ce3+) leads to energy 

downshift of the f-band. This stabilization of the energy level with increase of its occupation 

number is typical for vacant orbitals. On the other hand, adsorbed water molecules destabilize f-

band due to increase in the number of electrons occupying this band. This can be attributed to the 

ligand field effect, where non-bonding electrons on the metal atom are destabilized by the 

exchange repulsion with the donor electron pair of the oxygen atom. It can also be noticed from 

figure 3 that adsorption of water leads to splitting of empty f-level. The appearance of multiple 

peaks in indirect optical transitions also explains the difficulty in determining the dependence of 

band gap for indirect optical transitions of nanoceria in some of the earlier work15. These 

difficulties are addressed in this work by considering the effect of solvent induced splitting of f 

orbital. 

Monotonic dependence of Ein on concentration of Ce3+ opens the possibility to determine the 

concentration of oxygen vacancies in ceria nanoparticles with high precision using optical 

methods. This technique is expected to be much more sensitive and accurate than the methods 

based on nanoparticle size measurements20. Our calculations demonstrate that even though small 

number of oxygen vacancies does not affect the nanoparticle size, they strongly influence the 

optical properties. Introduction of vacancies leads to the increase of nanoparticle’s “lattice 

constant”, derived from the average Ce-Ce distance (a0 =√2 dCe-Ce). For bare Ce44O80-n ceria 

nanoparticles, equilibrium values of the lattice parameter are equal to 5.296, 5.298, 5.303, and 

5.316 Å for n=0, 1, 2 and 3 respectively. While a0 remains within ±0.003Å range for n=0, 1, 2, 
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the Ein value undergoes pronounced changes from 2.52 to 2.38 eV. Both these values are in a 

very good agreement with experimentally reported values9,20. For a small variation in [Ce3+] 

changes in a0 are almost negligible, whereas changes in Ein are substantial. Better, more precise 

methods or combination of sample characterization have to be employed in order to validate the 

explanation of blue shift in ceria nanoparticles by quantum confinement effect. Our experimental 

and theoretical results show that the local environment (such as water) can influence the optical 

characteristics of the cerium oxide nanoparticles. At this point, authors are convinced that the 

origin of blue shift in ceria nanoparticles is due to the destabilization effect of water molecules 

on the f-electron states in cerium oxide.  

2.4 Materials and methods: 

2.4.1 Theoretical simulation 

In order to understand the optical properties of ceria nanoparticles, we performed density 

functional theory (DFT) calculations using plane-wave based Vienna ab initio simulation 

package (VASP 4.8)34,35. The electronic ground state was determined using local density (LDA) 

approximation. We used LDA+U version with local part described by Ceperley-Adler function. 

On site Coulomb and exchange interaction were treated by a single effective parameter Ueff=U-J. 

Plane waves were included up to an energetic cutoff of 415 eV,  electronic wave functions were 

described using the projected augmented wave (PAW) method and Ueff=5 eV36. The same 

protocol was recently employed for investigation of ceria and it was shown that LDA+U 

approximation demonstrates better agreement with experiment for structure properties than 

generalized gradient approximation (GGA+U) approach37. The interaction energy between 

nanoceria and water molecules were estimated using GGA+U since this value is overestimated 

when LDA is used. PW91 exchange-correlation function was employed with Ueff=3eV27,28. 

Supercells were chosen with at least 10 Å between replicas to remove periodicity artifacts.  
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2.4.2 Reversible change in color of CNPs 

In order to simulate the reversible color changes in nanoceria treated with hydrogen peroxide, we 

investigated the electronic structure of Ce19O32 with adsorbed O2 molecule. The most 

energetically favorable configuration was found to include O2 molecule attached to nanoceria 

vertex as shown in inset of Fig.3a.   

2.4.3 Transmission electron microscopy 

High-resolution transmission electron microscopy (HRTEM) images were obtained using FEI-

Tecnai F-30 electron microscope operated at 300KV with a point-to-point resolution of ~0.2nm. 

The TEM samples were prepared by coating the holey carbon-coated copper grids with few 

drops of solution. Images were collected from the grids dried overnight in vacuum and non dried 

grids to remove any artifacts that may arise from drying process. 15-20 nm agglomerates with 

individual particle size of 3-5 nm were consistently observed in the sample. The individual 

particle size did not change with aging or drying of nanoparticles.  

2.4.4 X-ray photoelectron spectroscopy (XPS) 

Qualitative analysis of the oxidation state of cerium in CNPs was gauged from XPS analysis of 

the samples using PHI ESCA 5400 spectrophotometer operated at 300W at a base pressure of 2 x 

10-8 torr or less and Al Kα as source of x-rays. The samples for the XPS analysis were prepared 

in glove box with continuous flow of argon by drop coating a 5mM suspension of CNPs on a 

silicon wafer. To ensure the uniformity of sample preparation equal amount of sample was 

dropped on the silicon wafer for coating. The samples were then transferred to a sealed sample 

transfer chamber inside the glove box for transferring to the XPS chamber without any exposure 

to ambient atmosphere to avoid any interference of atmosphere with the valence chemistry of 

cerium. The spectrophotometer was calibrated using a gold standard prior to XPS run and any 
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charge shift in the samples was corrected using adventitious carbon as a reference at binding 

energy of 284.8 eV. 

2.4.5 UV-Visible spectrophotometry and measurement of concentration of Ce
3+

 oxidation state 

The composition of Ce3+ was ascertained indirectly by measuring the absorption of Ce4+ using 

UV-Visible spectrophotometer (Lambda 750S). The original concentration of 5mM nanoceria 

sample was diluted to 0.5 mM to record the changes in absorbance with aging time. The 

absorption maximum at 298 nm following 1 day of the addition of hydrogen peroxide was 

assumed to originate from 100% concentration of Ce4+ ions. A calibration plot was obtained by 

measuring the absorbance at 298 nm with serial dilutions. This calibration plot was used to 

estimate the concentration of cerium +4 oxidation state in nanoceria by measuring the 

absorbance at 298 nm, after the addition of hydrogen peroxide and aging time. 

2.4.6 Synthesis of nanoparticles 

Cerium oxide nanoparticles were synthesized using previously published protocols. Cerium 

nitrate hexahydrate was dissolved in DI water and stirred for 15 – 30 minutes. The solution was 

filtered using 200 nm filter (ANODISC) to remove any unwanted and undissolved impurities. 

The solution was then oxidized using excess of oxidizers and the pH of the solution was 

maintained at 2.5 – 4.0. The solution was then aged at room temperature in acidic medium (pH - 

2.5 to 3.5) to catalyze the formation of nanoceria with predominant trivalent oxidation state of 

cerium.  

2.4.7 Oxidation of cerium 

For experimental work the concentration of cerium in its reduced state in nanoceria particles 

suspended in water was controlled chemically by oxidizing Ce3+ to Ce4+ using hydrogen 

peroxide 38. The oxidation is accompanied by change in color of the solution from colorless to 

yellow/orange depending on hydrogen peroxide concentration. It was recently established that 



44 
 

chemical reaction between ceria nanocrystals and hydrogen peroxide results in the formation of 

the yellow and orange complexes with O2
2- ions39. Our computational results show that such 

coloring of nanoceria-O2
2- complex is caused by electron transfer from O2

2- ions on nanoceria 

surface to cerium ions. These transitions are distinctly different from the optical properties of 

nanoceria itself and are not discussed further.  
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3 INCREASING THE STABILITY OF CERIUM OXIDE 

NANOPARTICLES BY SURFACE MODIFICATION WITH 

POLYHYDROXYL COMPOUNDS 
3.1  Introduction 

Fueled with exciting and major developments in the past few years 1-4, cerium oxide can be 

considered as the most important rare earth oxides. In conjunction with the benefits of 

nanotechnology it has found numerous applications in catalysis, sensors and biomedical science5-

11. These applications stem from its ability to switch oxidation states between +IV and +III 

depending on the ambience (oxidizing and reducing environment). This renders nanoceria an 

important biomedical property for radical quenching. Not only does the nanoceria impart 

protection to cells against the reactive oxygen species (ROS) but has also been shown to protect 

the normal cells against radiation damage3. We have also shown the ability of ceria nanoparticles 

to prevent retinal degeneration induced by intracellular peroxides1. The application of ceria 

nanoparticles in the treatment of spinal cord injury and other central nervous system based 

neuron degenerative diseases has proven the biological importance of nanoceria beyond doubt2. 

A whole new world of biological applications of nanoceria is opening with several interesting 

findings1-4. In the light of several reports and concerns of toxic potential of nanomaterials12, 

nanoceria, with its unique property of radical quenching can change the present outlook of 

nanomaterials13. However, nanoceria needs to be stabilized in aqueous or non-aqueous media for 

all practical applications in biology. Thus it is imperative to find a suitable delivery medium for 

carrying nanoceria to specific locations as an alternative route to intravenous administration. 

Earlier we have systematically engineered nanoceria with controlled shapes, sizes as stable 

dispersions in different media14,15. Several different methods of nanoceria synthesis exist in the 

literature16-19. The stability of nanoceria in aqueous and polymeric species was discussed 

earlier20-24. Recently an interesting work was reported on the synthesis of nanoceria in alkaline 

Reprinted (in part) with permission from “The Journal of Physical Chemistry C 2007, 
Volume 111, Issue 46, Pages 17232-17240”. Copyright 2007 American Chemical Society 
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medium using alcohothermal treatment25. Most of the reported methods are stability protocols 

and depend on the surface functionalization of nanoceria with high molecular weight polymeric 

species. The surface functionalization changes the zeta potential of the system thereby extending 

the stability over a wide pH range. With the increasing use of nanoceria in bio-medical 

applications, zeta potential and pH of the suspension play a vital role. The adsorption of 

nanoparticles by the biological species can be influenced by the change in zeta potential. 

Motivated by these factors; direct synthesis of nanoceria was accomplished in polyhydroxyl 

solutions. Dextran, glucose, polyethylene glycol (PEG), and polyvinyl alcohol (PVA) are 

lucrative media for stabilizing nanoceria. Dextran, PVA and PEG have been used prolifically for 

stabilizing the nanoparticles26-29 and are also used as solvents/lubricants in commercial eye 

drops30. Poly(acrylic acid) and PEG have been used to stabilize and re-disperse ceria 

nanoparticles31. The biocompatibility of these mediums make them ideal candidate as carriers, 

provided they can stabilize nanoparticles. Stability can be imparted by steric hindrance or, by 

complexing ability of the polyhydroxyl compounds through the electronegative oxygen. PEG 

plays an entirely different role providing only the steric stability to the system resulting in self 

assembled polyhedral structures and has been discussed by our group elsewhere15.  

Saccharides are an important class of polyhydroxyl compounds. Complexation of trivalent 

lanthanide cations by mono, di and poly saccharides had been established previously32-35. 

However, the more prominent use of cerium involves its role in oxidation of mono or 

polysaccharides36. In fact, cerium (IV)–alcohol redox systems had been used for chemical 

initiation of vinyl polymerization36. More recently Ce(IV) was used for hydrolysis of DNA 

which emphasizes the importance of cerium in biological chemistry37. The mechanism of 

complex formation using both open chain and closed chain form of glucose are discussed in 
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various publications 36,38,39. The vital points in the mechanism for engineering functionalized 

nanoceria are listed below. 

• Ce(IV) is reduced to Ce(III) in the process of oxidation of glucose to arabinose. 

• Polysaccharides have stronger tendency to complex Ce(IV) than the monosaccharides 

• Reduction of Ce(IV) to Ce(III) takes place in only highly acidic medium (pH <2) and at 

this concentration no colloidal particles were detected by light scattering photometry. 

We utilized the redox chemistry of the cerium in polysaccharides to synthesize nanoceria. From 

the revised Pourbaix diagrams40 it is known that cerium in aqueous solution prefers to stay as 

CeO2.2H2O (Ce(OH)4). Thus a polysaccharide solution of Ce(IV) should produce functionalized 

nanoceria particles which can easily switch oxidation states upon exposure to highly oxidizing 

environments (like radicals). However, to utilize the complexing ability and simultaneously form 

the ceria nanoparticles Ce(III) salt was chosen as a precursor. Also special care was taken to 

minimize the oxidation of glucose and dextran by maintaining the pH above 2.0 in acidic 

medium and in the vicinity of 7-8 in basic medium.  

In the present paper we discuss the direct synthesis of nanoceria by simple wet chemical routes 

in polyhydroxyl groups and their stability. Specifically we have discussed the role of oxidizing 

environment and utilization of complexation of ceria for synthesis in dextran and glucose based 

aqueous solutions. The size and oxidation state are compared with pure aqueous dispersions and 

using TEM and UV-Vis spectroscopy. An attempt has been made to understand the role of 

functional groups in synthesis and stability of the nanoceria particles in acid and basic media. It 

must be noted that the main emphasis of the present article is to discuss the synthesis in various 

polyhydroxyl media and hence must not be compared with the precipitation and re-dispersion 

type procedures. The specific difference between the two methods is the type of functionalization 
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achieved. Unlike precipitation re-dispersion techniques which depend upon the surface 

functionalization and modification of charges, we have explored the complex forming ability of 

ceria with polyhydroxyl compounds as a precursor to synthesize ceria nanoparticles. The role of 

concentration and type of oxidizer in achieving stable nanoceria particles is the main aspect of 

the study. 

3.2 Results and discussion 

3.2.1 Aqueous behavior of cerium 

It is known that Ce(IV) remains as a transparent yellow solution below a pH of 3.5 and 

precipitates as a purple-brown cloudy precipitate above this pH40  (Equation 1). Similarly Ce(III) 

remains as a clear solution below pH 6.0 and precipitates as slightly brown to brown purple to 

white/yellow gel as the pH increases further (Equation 2). This limits the stability of ceria 

nanoparticles to highly acidic solution (pH 2.0 – 3.5) which is not suitable for biological 

application. 

Ce+4 + 4OH-  Ce(OH)4               (1) 

Ce+3 + 3OH-  Ce(OH)3  (2) 

The standard reduction potential of cerium (IV) to cerium (III) is -1.74V (in HClO4). Thus 

cerium (IV) acts as an effective oxidizing agent. From the Pourbaix diagrams40 it is also known 

that oxidation of cerium (III) to cerium (IV) is also possible under controlled conditions where 

the reverse of equation 3 occurs.  

Ce+4 + e-  Ce+3    (3)  

The standard reduction potential for this reaction changes with pH from -1.741V at -0.7818 to 

below -1.58V at pH value higher than 1.67040. The standard reduction potential range suggests 
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that ceria has a tendency to come back to +III oxidation state in aqueous solution containing 

electron donors.  
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Figure 3-1: Scheme of reactions to stabilize ceria nanoparticles in water glucose and dextran 
using hydrogen peroxide as acid and ammonia as base (Ce-S cerium saccharides complex) 

In the present work H2O2 was used as an oxidizer as well as to provide the acidic conditions. 

H2O2 has been used previously to study the rate of change of cerium from +IV to +III oxidation 

state and its reversal43-46. Several research groups have proven the ability of cerium to switch 

oxidation states which is the prime reason to select H2O2 to provide acidic environment43,45,46. It 

must be noted that H2O2 dissociates by equation 4 and its redox potential value of E0 = 1.5V is 

the driving force for switching of oxidation states of ceria in aqueous dispersions of H2O2. Upon 

addition of H2O2 to an aqueous solution of cerium nitrate, cerium (III) was immediately oxidized 

to form ceria nanoparticles (Ce(IV)) which is confirmed by the yellow color of the solution. 

Stoichiometric amount of H2O2 was added to maintain the pH of the solution above 2 as below 

this pH Ce(IV) remains in ionic form and no colloidal dispersion is formed37. Moreover below a 

pH 2.0, oxidation of saccharides, will result in the formation Ce(III) hydroxide.  

H2O2  HO2 + H+ + e-  E0 = -1.5V  (4) 

As the pH is changed from acidic to basic conditions, both Ce(III) and Ce(IV) form hydroxides 

which settle as a precipitate at a pH of 6.0 and above. Ammonia has been used to provide the 

basic conditions in the present work. Lanthanides are known to form complexes with 

Cerium (III)-(IV)

transition 

Ceria ppt

Cerium (III) 

hydroxide

ppt

Cerium (IV)-S

suspension

Cerium III nitrate

Ammonium 
hydroxide

Ammonium 
hydroxide

Hydrogen 
peroxide

20mM 
Glucose

2mM 
Glucose

oxidation

oxidation 

oxidation

complexation 

complexation 



55 
 

polyhydroxyl molecules33,34. This property was used in stabilizing the cerium salts in basic 

medium which was further exploited to oxidize Ce(III) precursor salt to Ce(IV). A clear yellow 

solution was observed upon addition of ammonia to cerium nitrate salt dissolved in glucose or 

dextran while a white-purple precipitate was observed in the absence of saccharides. It must be 

noted that a minimum amount of glucose/dextran was needed to stabilize the solution in basic 

medium while no precipitation was observed in acidic conditions. It was found that a 

concentration of 5mM dextran (mol wt 1000) and 20mM glucose is required to obtain a stable 

suspension of 30mM ceria. Attempts to use lesser concentration of saccharides resulted in 

precipitation of cerium hydroxide, thus the results are mostly compared based upon 5mM 

dextran and 20mM glucose based synthesis in acidic or basic ambience. 

3.2.2 Complexation of cerium with sugars  

The precipitation of cerium occurs as cerium hydroxide when the ionic product of cerium 

hydroxide increases above its solubility product. Cerium (III) hydroxide has limited solubility in 

basic medium and precipitation occur almost instantaneously40. If we utilize a base such as 

ammonium hydroxide for oxidation of cerium (III) the concentration of hydroxyl ion is 

sufficiently high and precipitation occurs at fairly low concentration of cerium ions. On the other 

hand, if the cerium ions are utilized in a complexation reaction with polyhydroxyl compounds 

then it cannot be precipitated by adding base as the molar concentration of free cerium ions is 

decreased. Only those cerium ions that are free and not involved in bonding with hydroxyl 

groups of organic species will be precipitated. A simple semi-quantitative analysis can be done 

to find the minimum concentration of sugars needed to avoid precipitation in presence of 

ammonia as a precipitating agent.  
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The number of cerium (III) ions present in 100 mL solution of cerium nitrate is 1.8 x 1021. The 

number of glucose units in 100 mL of 2 mM glucose solution is 1.2 x 1020 and in 20 mM glucose 

solution is 1.2 x 1021 Similarly the number of dextran units (Mol. Wt 1000 daltons) in 0.5 mM 

dextran solution is 3.01 x 1019 and in 5 mM dextran solution is 3.01 x 1020 

Now assuming that a single bond of cerium with glucose is sufficient to avoid precipitation and 

since glucose has 5 hydroxyl groups which can be used in complexing ceria molecule, we can at 

least assume two of these as the possible site for coordination (as shown in scheme 1, 2, the 

cerium can complex with one or two of the available hydroxyls from glucose which still leaves 

three more hydroxyl groups that can be complexed with further available cerium ions). Which 

means each glucose unit can at the least provide two possible sites for coordination with cerium 

and hence the effective number of cerium binding to one glucose molecule is twice the total 

number of glucose molecules. Therefore the number of binding units in 2 mM glucose in 100 mL 

solution is 2.4 x 1020. Similarly the number of binding units in 20 mM glucose in 100 mL 

solution is 2.4 x 1021.  

As dextran is a polymer of glucose and by the molecular weight (1000 a.m.u) of the dextran we 

can safely assume that each dextran has approximately 6 units of glucose. Each glucose unit in 

dextran can only complex one molecule of cerium because of steric constraints47 and hence 6 

glucose unit in dextran can provide six units for complexation. Thus the effective number of 

binding sites in 0.5 mM dextran is 1.82 x 1020 while number of binding sites in 5 mM dextran is 

1.82 x 1021. 

It is clear that the number of binding sites in glucose (in 2 mM) and dextran (in 0.5 mM) are one 

order of magnitude less in than the number of cerium ions available in the solution. The free 

cerium ions precipitate upon addition of base to these solutions. On the other hand at higher 
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concentration the number of dextran (5 mM) and glucose (20 mM) binding sites are sufficient to 

bond all cerium ions with at least one unit of dextran or glucose and thereby prevent precipitation 

in basic medium. 

The cerium ions are likely to form a complex as depicted in scheme I and III which can be 

oxidized from Cerium (III) – Saccharides to Cerium (IV) – Saccharides. It must be noted that 

cerium is always bonded to the organic species in basic medium and hence always stays as 

cerium–saccharide complex before oxidation. This is unlike surface functionalization and keeps 

cerium-saccharide-n(OH) in suspended form. The yellow color of the solution fades slowly 

indicating the slow reduction of cerium from +IV to +III oxidation state in presence of 

saccharides and base. 
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Scheme 3-1: Complexation of cerium(III) with glucose and subsequent oxidation 
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Scheme 3-2: A schematic showing the formation of ceria-saccharides superstructure by cross 

linking of groups due to further complexation of free hydroxyl groups of glucose with cerium 

(IV) 

 

Scheme 3-3: Complexation of cerium(III) with dextran and subsequent oxidation 
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arise from the fact that glucose being smaller sized molecule utilizes free hydroxyls to bring the 

ceria particle together and this increases with increasing concentration of glucose. Dextran on the 

other hand is a large molecule and the steric effects keep ceria particles as separate from each 

other as possible resulting in smaller size with increasing concentration. The particle sizes 

obtained are compared with the particle size observed under TEM. It must be noted that HRTEM 

indicates the individual particle size (crystallite size) to be 3-5 nm for each cluster and what is 

reported as particle size is actually the aggregate size of nanoparticles. A sampling of 100 

particles was done and the mean value is given as the particle size for TEM measurements. The 

difference in the observed particle sizes as explained by several researchers could be ascribed to 

the way particles behave in solution20,21. The maximum and minimum particle size observed in 

TEM for different synthesis methods is almost the same in all the cases independent of the 

composition of sugars. The difference in the values obtained from electron microscopy and DLS 

measurement can be ascribed to the absence of contrast from the polymers in electron diffraction 

as explained by Berret et.al21. However, it can be observed that the particle size in basic medium 

in both glucose and dextran looks unreasonable. One of the reasons for such an observation 

could be presence of very small particles which are always attached / surrounded by an envelope 

of saccharide. The appearance of the same as ceria nanoparticles (3-5 nm) in TEM (discussed in 

section 3.4) proves the existence of ceria nanoparticles in highly dispersed state.  

Table 3-A: Comparison of particle size (agglomerate size) observed under DLS and TEM 

Sample Particle size (DLS) (nm) Particle Size (TEM) 

(nm) 

 Volume % Intensity Average 
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Glucose 2mM (Acid) 24.86 ±3 35.09 ±1 17.2 

Glucose 20mM (Acid) 28.98 ±2 47.19 ±2.5 15.8 

Water 28.48 ±0.8 33.95 ±0.5 10.6 

Dextran 0.5mM (Acid) 31.19 ±2.1 44.67 ±0.9 17.2 

Dextran 5mM (Acid) 27.5 ±0.2 30.3 ±0.2 13.4 

Glucose 20mM (Base) 0.64 0.69 3-5 

Dextran 5mM (Base) 0.66 0.74 3-5 

Zeta potential measurements were carried out to find the affect of synthesis medium. The value 

of the zeta potential varied between +16 to + 40 mV for different solutions but was always 

positive. The nanoparticles present in the solution are in a state of constant change in oxidation 

state as well as particle size which will be evident from the results of UV-Vis and TEM analysis 

in the following sections. The envelope of glucose and dextran around the particles changes with 

the change in oxidation state upon aging.. This resulted in inconsistent zeta potential values in 

aged solutions and is not reported.  

3.2.4 TEM analysis 

Figure 2 shows the TEM images of the ceria nanoparticles synthesized under various 

experimental conditions. Though no significant difference could be observed in the particles 

synthesized in either dextran or glucose, a marked difference was seen in the size of the particles 

synthesized in acidic and basic medium.  
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Figure 3-2: TEM micrographs for ceria synthesized in different conditions. Ceria synthesized in 
glucose using a) 2mM glucose/acid b) 20mM glucose/acid c) 20mM glucose/base and in dextran 
using d) 0.5mM dextran/acid e) 5mM dextran/acid f) 5mM dextran/base. 

It can be observed directly from the figure 2 that particles synthesized in basic medium have less 

agglomeration as compared to the acidic medium. The individual particle size remained to be 3-5 

nanometers in both the conditions while [111] remained to be the preferred plane (d=0.317nm 

±2%) on the surface in both the media. It can be observed from figure 2 that there is no 

significant difference in the particles synthesized in acidic medium with either glucose or 

dextran. The observation of TEM is consistent with those reported by Si et al and appears as 

either short chain like or individual clusters because of the presence of polymeric/organic 

species. Weak agglomerates of 20-30 nm with individual particle size of 3-5 nm could be seen. 

The SAED pattern in the inset confirms the polycrystalline nature as well as fluorite structure of 

ceria nanoparticles.  
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Figure 3-3: TEM images of ceria synthesized in 20mM glucose/base. a) Spherical polymeric 
structures b) Representative high magnification image of one of the spherical structure c) High 
magnification image depicts hollow nature (inset shows particle trapped in the structure) d) 
HRTEM image of the particles trapped (inset confirms the fluorite structure of ceria with (111) 
as the preferred plane at the surface).  

The agglomeration was significantly reduced in basic medium. It was further observed that 

glucose in basic medium formed interlinked superstructures which can trap the ceria 

nanoparticles (figure 3). This observation confirms the hypothesis (each glucose unit can at the 
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least complex two cerium ions) mentioned in section 3.2. However, the actual bonding 

environment and the nature of the co-ordination are not clear at the moment.  

 

Figure 3-4: HRTEM micrograph of ceria synthesized in 5mM dextran/base. a) Low 
magnification image showing well dispersed 3-5nm particles (inset confirms the fluorite 
structure of ceria) b) High magnification image showing (111) as the preferred plane on the 
surface 

The ability of the glucose to form hollow spherical agglomerated particles following a 

hydrothermal approach had been reported previously48. The glucose spherical structures then 

potentially trap the oxide nanoparticles. Inset SAED Pattern in figure 3 confirms the fluorite 

structure of ceria. Despite the absence of such stabilizing templates, the ceria synthesized using 

dextran in basic medium showed well dispersed 3-5nm particles (Figure 4). This observation 

directly leads to difference in the complexation behavior of glucose and dextran. Glucose being a 

monosaccharide has free hydroxyl groups at C1 and C6 positions. Cerium can complex with 

glucose using both C1-C2 hydroxyl groups36 or through C1 hydroxyl and ring oxygen (Scheme 

1)36. Any of the remaining free hydroxyl groups in C3, C4, C5 and C6 can further bond available 

cerium ions and form a spherical assembly as observed in figure 3 (Scheme 2). Dextran, on the 
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other hand is anhydroglucose polymer, which mainly consists 95% ά-D-(1-6) linkages and 

branched α-(1-3) linkages. Due to the lack of hydroxyl groups it can form glycolic complex at 

C2-C3 and C3-C4 positions or simply co-ordinate with C2-OH47. The steric hindrance and lack of 

hydroxyl groups to further complex cerium ions can be ascribed to the absence of spherical 

superstructures (Scheme 3)47 as seen in glucose. This steric hindrance also helps the ceria 

nanoparticles to agglomerate less and keeps 3-5nm ceria nanoparticles in suspension. 

3.2.5 Changes in oxidation state 

UV-Visible spectrophotometry of cerium is of particular interest as it provides quantitative 

information about the type of oxidation state and the rate of reaction49. Complexation of cerium 

ions by saccharides as well as their oxidation kinetics has been studied and reported 

previously39,47. Of particular interest to us was the change in the oxidation state of cerium while 

synthesizing ceria from cerium (III) precursor salts and the retention of oxidation state in stable 

dispersion of functionalized ceria nanoparticles. A summary of behavior of cerium ions oxidized 

in different medium is depicted in figure 5 (a-d). It is known that Ce(III) absorbs in both UV and 

visible regions while the Ce(IV) absorbs in the visible region (380nm in cerium ammonium 

nitrate). ). It is evident from our study that while the ceria shows active switching of oxidation 

states in acidic medium it is rather more stabilized in the higher oxidation state in the basic 

medium. One must note that the rate at which cerium shifts its oxidation state from +III to +IV 

upon addition of base or acid is relatively free to the nature of oxidizer and complexing media.  
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Figure 3-5: Variation in absorption values of ceria solution in different mediums a) freshly 
prepared b) aged for 1 week c) aged for 2 weeks (Plot shows the change in oxidation states 
depending upon the aging and synthesis medium) d) ceria synthesized in basic conditions in 
glucose and dextran (Plot shows the slow shift of cerium (IV) to cerium (III) oxidation state after 
10 weeks of aging) 

The difference in the initial absorbance values is ascribed to different soak time allowed before 

UV-Vis experiments. It is evident from figure 5c and 5d that in acidic medium most of the 

cerium +III have recovered after initial oxidation within 15 days while in basic medium the 

transition was rather slow. The switching of oxidation state in acidic environment is also 

observed in aqueous medium and is generally accompanied by pH change as well as slight 

precipitation of ceria. The extent of precipitation is substantially reduced in presence of glucose 

and dextran in acidic medium. Moreover the samples oxidized in basic environment were stable 
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in +IV oxidation state up to 2 months of study (data shown only for 15 days as a comparison 

with acidic and aqueous medium). While hydrogen peroxide is a strong oxidizer and it can 

hydrolyze the reverse of scheme I and III to generate the Ce(III), it is believed, that ammonia 

cannot hydrolyze the reverse reaction as efficiently. It has also been established that hydrogen 

peroxide produces peroxyl radical species (OOH*) in solution which are very reactive and can 

reduce cerium IV ions irreversibly43,44. Also, the basic conditions and excess of oxygen favor the 

higher oxidation state of ceria imparting increased stability for ceria in basic medium compared 

to the acidic medium. Thus the role of saccharides is limited to provide initial functionalization 

that prevents precipitation in basic medium and which does not, in any way, interferes with the 

behavior of ceria.  

3.2.6 pH change with aging 

Time dependent behavior of ceria suspensions was also monitored using pH change. Table 2 

shows the change in pH with respect to time for various samples during the experimentation. 

Table 3-B: Change in pH of ceria suspensions synthesized in various media as a function of time 

Precursor Medium No of 

Days 

pH 

Cerium (III) nitrate Aqueous 0 

7 

15 

3.6 

3.4 

3.7 

Cerium (III) nitrate water/glucose 

base 

0 

7 

7.6 

6.7 
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15 5.9 

Cerium (III) nitrate water / glucose 

acid 

0 

7 

15 

3.7 

3.1 

3.8 

Cerium (III) nitrate water/dextran 

base 

0 

7 

15 

7.7 

7.6 

7.5 

Cerium (III) nitrate water/dextran 

acid 

0 

7 

15 

3.4 

3.1 

3.2 

Cerium (IV) 

ammonium nitrate 

Aqueous  

- 

 

2.3 

Cerium (IV) 

ammonium nitrate 

water/glucose  

- 

 

1.1 

 

We suspected a slow increase in acidity of ceria suspensions in glucose could correspond to the 

oxidation of glucose. However, a critical TLC has denied the possibility.  Samples from both 

glucose and dextran were characterized using TLC. It was observed that both glucose and 

dextran in either acidic or basic conditions gave just one spot with same Rf value (0.47 glucose) 
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as for the pure compounds. Thus it was concluded that neither glucose nor dextran were oxidized 

in either acidic or basic conditions used in the present synthesis protocol.   

As mentioned earlier, the revised pourbiax diagrams40 suggest that cerium (IV) should be present 

in a colloidal solution as CeO2
.2H2O above a pH of 2.0 and as precipitate above pH 3.5 (Figure 

6). Though the observations were similar to as expected from the Pourbaix diagrams but, the 

ceria synthesized using saccharides showed delayed change of pH and hence slower 

precipitation. It must be noted that a small amount of very fine precipitates can be seen in all the 

three media (water, dextran and glucose) in acidic conditions. This agglomeration is a weak 

agglomeration and the fine precipitates disappear upon mild shaking. Heavy precipitation above 

pH 3.5 was not observed as Ce(IV) reverts back to Ce(III) in H2O2. This rate is slowed down in 

the presence of saccharides due to complexation. This is important because of the fact that the 

solution always has a mixture of +III and +IV oxidation state at any time until the complete 

solution turns back to cerium (III) which is useful in governing the redox property of ceria 

depending upon the environment. The nanoceria could be synthesized and suspended directly in 

a range of pH from 2.0 to 8.0.  
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Figure 3-6: Precipitation behavior of Ce(IV) with respect to change in pH in oxidizing 
environment. The narrow stability range of ceria suspension can be extended up to a pH of 8.0 
by the use of saccharides (dashed lines). Cerium is present as Ce(IV) ions (pH 0 – 2.0), Stable 
suspension CeO2.2H2O (pH 2.0 – 3.5), precipitate as CeO2.2H2O (pH 3.5 – 6.0), precipitate 
heavily as Ce(OH)4 (pH 6.0 and above), stable suspension in saccharides as S-Ce(OH)X (pH 2.0 -
8.0) 

In the present study ceria nanoparticles were not prepared and the goal of synthesizing the stable 

nanoceria directly in desired pH conditions has been successfully achieved. The absence of 

nanocrystalline ceria from the Ce(IV) precursor in both aqueous media (with and without 

saccharides) has unequivocally confirmed the need for synthesizing the nanoparticles from a 

Ce(III) precursor. This will also leverage more flexibility in controlling the chemistry and 

structure of the end product.  

3.3 Summary  

This study clearly demonstrates that nanoceria can be synthesized directly in 

mono/polysaccharides by oxidizing the species in both acidic and basic environment. 

Importantly, the initial complex formed between cerium and sugars does not hinder the property 

of ceria to switch its oxidation state based on the environment which is very important given the 
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role of nanoceria in biology and catalysis. It was noted that the kinetics of switching of oxidation 

states in solution specifically regeneration from cerium (IV) to cerium (III) oxidation state is 

slower in basic medium as compared to acidic medium. Moreover, from UV-Vis results it is 

clear that the +IV oxidation state was retained in basic medium for more than 2 months as a 

stable suspension which proves the tunability of nanoceria with respect to ambience and aging. 

Both dextran and glucose can be used efficiently to synthesize nanoceria with a enhanced 

stability in dextran. pH of the solution has to be maintained to avoid precipitation of cerium 

hydroxide as well as oxidation of saccharides and achieve stable suspensions. 

3.4 Materials and methods 

3.4.1 Synthesis of aqueous nanoceria: 

Nanoceria was synthesized in water by simple oxidation of cerium ions using a suitable oxidizer. 

0.5-0.7 gm of cerium nitrate (III) hexahydrate (Sigma Aldrich) was dissolved in 50ml of de-

ionized water (18.2MΩ). The solution containing Ce(III) ions was then oxidized using (0.2ml) of 

hydrogen peroxide (30% w/w Sigma Aldrich) for acidic oxidation and (0.05ml) of ammonia for 

base mediated oxidation (30% w/w Sigma Aldrich). 

3.4.2 Synthesis of glucose and dextran based nanoceria 

The aqueous procedure was slightly modified to incorporate the polymers in solution. The 

preparation of nanoceria in these polyhydroxyl groups was done in two separate concentrations. 

0.5 & 5 mM solution of dextran (Sigma Aldrich) (M.W 1000) and 2 & 20mM solution of D-

glucose (Sigma Aldrich) were prepared. Cerium nitrate (III) hexahydrate was then dissolved in 

these solutions and stirred to allow complete complexation to take place. Solution was then 

oxidized using hydrogen peroxide (acidic) and ammonia (basic). A scheme of various 

experimental conditions is shown in figure 1. 
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3.4.3 UV-VIS spectroscopy 

Solutions were characterized using UV-VIS spectrophotometer (Cary One, Varian). The spectra 

were recorded for fresh, 1 week and 15 days aged samples and compared for analysis. In order to 

minimize the oxidation of glucose and dextran, minimum amount of oxidizers/acid/base were 

added to maintain the pH. Continuous spectra were recorded for 20mM glucose, 5mM dextran 

and pure water based samples to monitor the rate of change of oxidation state of cerium from 

(III) to (IV) in both acidic and basic media.  

3.4.4 Transmission electron microscopy (TEM) 

High resolution TEM (HRTEM) images were taken using Philips TECNAI G2 microscope, for 

the particles aged in solution for 1 week to confirm the size, morphology and crystallinity of the 

particles. Samples for analysis were prepared by dropping the solution on carbon coated copper 

grid and were dried in vacuum.  

3.4.5 Thin layer chromatography (TLC) 

Glucose and dextran were identified by thin layer chromatography41 to ascertain the 

complexation proceeded without oxidation. Silica gel plates were used with ethyl acetate-acetic 

acid-methanol-water (60:15:15:10) as the solvent for identification of glucose. Chromatographic 

development for dextran was carried out using nitromethane:1-propanol: water (2:5:1.5) as the 

eluent42 and ethanolic solution of alpha-naphthol in sulfuric acid was used for identification in 

both the cases. 

3.4.6 Dynamic light scattering (DLS): 

Particle size and zeta potential measurements were carried out using light scattering 

measurements from Zeta Sizer Nano (Malvern Instruments). This instrument uses a 633 nm 

wavelength laser to measure the particle size which does not interfere with the absorption 

wavelength of either saccharides or nanoceria. Samples were subjected to centrifugation at 
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7500RPM for 10 minutes and the suspension was used for measurements (no precipitation was 

observed during the centrifugation). 
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4 PEGYLATED CERIUM OXIDE NANOPARTICLES AS TUNABLE 

REDOX ACTIVE RADICAL SCAVENGERS 
4.1 Introduction 

Cerium oxide nanoparticles (CNPs) have shown tremendous potential for their use in various 

applications such as water gas shift catalysis, chemical mechanical planarization (CMP) and 

solid oxide fuel cells (SOFC)1. Recently, CNPs have been demonstrated to protect biological 

tissues against radiation induced damage, scavenging of superoxide anions, prevention of laser 

induced retinal damage, reduction of spinal injury, pH dependent antioxidant properties, 

prevention of cardiovascular myopathy, as tool for immunoassays and other inflammatory 

diseases2a-2j. In most of the biomedical applications it is speculated that nanoceria is a 

regenerative radical scavenger with the ability to regenerate the active Ce3+ oxidation state for 

radical scavenging which separates it from other nanomaterials based antioxidant systems such 

as hydroxylated and water soluble C-60 and SWCNTs2k,2l. Thus far there are no reports to 

control the regeneration of Ce3+ oxidation state which is the most important parameter in the 

application of CNPs as a reliable and regenerative radical scavenger. There is an imminent need 

to increase the potency of CNPs to achieve higher degree of protection against reactive oxygen 

species (ROS), to increase the residence time of CNPs in body and to control the regeneration of 

Ce3+ oxidation state. PEG has been reported to increase the residence time of nanoparticles and 

proteins inside cells and provide biocompatibility3. PEGylated counterparts of the Superoxide 

Dismutase (SOD) enzymes have shown improved performance over non-PEGylated enzymes3. 

Herein, we report our efforts to synthesize CNPs directly in polyethylene glycol (600 M.W) 

solution and determine the effect of increasing concentration of PEG (PEG vol % as 5, 10, 20, 

40, 60 and 80) on the SOD mimetic properties exhibited by nanoceria. We also report how the 

active Ce3+ oxidation state can be regenerated or tuned to regenerate at faster rate. We further 

demonstrate the role of PEG on the redox chemistry of CNPs catalyzed by hydrogen peroxide.  

Reprinted (in part) with permission from “The Journal of American Chemical Society 2009, 
Volume 131, Issue 40, Pages 14144-14145”. Copyright 2009 American Chemical Society 
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4.2 Results and discussion 

Several complexes of PEGs with lanthanides have been reported and characterized4. To evaluate 

the effect of PEG concentration on the complexation of cerium, UV-Vis spectra of the precursor 

salt of cerium (cerium nitrate hexahydrate) in different solutions of PEG were obtained (SI-1). It 

was observed that all PEG solutions show higher absorption relative to the water based solution 

of cerium nitrate but the observed non-specific trend could not be ascribed to a systematic 

decrease in the solvent polarity or dielectric constant.  

 

Figure 4-1: HRTEM micrograph depicting 3-5nm nanoceria crystals over amorphous polymer 
layer b) FTIR spectra of the PEG coated nanoparticles confirming the presence of PEG on 
nanoceria. 

This observation can indicate the complexation of cerium ions with PEG in contrast to Uekawa 

et al5 who reported a red shift upon addition of cerium nitrate in PEG however, they ruled out the 

charge transfer between Ce4+ and oxygen but ascribed the red shift in spectra to the complexation 

of PEG with cerium ions. The CNPs were synthesized as described in the experimental details 

(SI-2). High resolution transmission electron micrograph (Figure 1a) demonstrates that PEG is 

present as an amorphous layer on CNPs confirmed by an amorphous background around the 
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crystalline CNPs. To confirm further CNPs synthesized in PEG were dialyzed using a 3500 

MWCO cellulose membrane and the FTIR spectrum was collected from the dried powder. Figure 

1b confirms the presence of PEG on the nanoceria particles from FTIR. Only representative 

spectrum from 20% PEG solution is shown as all the PEG CNP samples provided similar 

features in the spectra. 

 

Figure 4-2: CNPs in different concentration of PEG a) MTT cell viability of CNPs for 72 hr b) 
superoxide dismutase (SOD) mimicking activity (y axis represents normalized absorbance) c) 
H2O2 induced oxidation of CNPs 

4.2.1 Biocompatibility and SOD mimetic activity of CNPs in PEG 

Cell viability analysis was performed for CNPs in PEG solution using standard MTT assay. PEG 

in molecular weights of 400 to 1500 daltons has been reported as benign in acute oral dose 

however, there are isolated reports of toxicity with increase in molecular weight and 

concentration5. It is clear from figure 2a (SI-3) that cell viability of CNPs in PEG, in a 

concentration as high as 100uM (for 72 hrs) was unaffected and the cells could thrive in presence 
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of PEG-CNPs. Our experiments reemphasize the benign nature of PEG by demonstrating 

excellent biocompatibility. 

Significant progress has been made in past to mitigate the effect of ROS and have met with 

limited success in the form of CuZn SOD and their PEGylated counterparts3. It was shown 

recently that increasing the coating thickness of polymer (dextran) could reduce the activity of 

CNPs. In a similar study a decrease in peroxidase activity of magnetite nanoparticle was 

observed when the particles were coated with high molecular weight dextran or PEG molecules. 

To reduce the possibility of hindrance in the activity of CNPs at higher concentration of PEG 

(which may increase coating thickness); CNPs were synthesized specifically in low molecular 

weight (600 M.W) PEG and did not show significant differences in particle or agglomerate size 

(SI-4). As expected, the low molecular weight (figure 2b) PEG did not decrease the SOD 

mimicking activity of CNPs evaluated using classic SOD mimetic assay - competition with 

ferricytochrome C for reduction by superoxide radicals as a measure of concentration of radicals. 

Also, the activity was retained upon increasing the concentration of PEG over CNPs. While the 

activity of 60PEG based CNPs was maximum; the SOD mimicking activity did not vary much 

with the concentration of PEG suggesting that the SOD mimetic activity is independent of PEG 

concentration but may depend upon coating thickness achieved. Pure PEG controls showed no 

SOD mimicking activity (SI-5). The PEG coating can influence the redox characteristics of 

CNPs and thus could be a very potent candidate for radical scavenging in a biological setting 

with ability to tune the active 3+ oxidation state of cerium. We have previously demonstrated the 

ability of CNPs to prevent retinal degeneration using a rat model against radiation damage in the 

eye2d, thus it will be very useful to synthesize CNPs in PEG solutions for its delivery as eye 

drops. 
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4.2.2 Hydrogen peroxide mediated redox cycling 

Peroxide and superoxide mediated redox chemistry is central to the radical scavenging property 

of CNPs. Thus it is important to determine the changes in redox properties of CNPs in PEG 

solutions to evaluate the role of PEG coating on the redox properties of nanoceria. The 

regeneration ability of nanoceria sets it apart from all other ROS scavengers as it can regenerate 

the active Ce3+ oxidation state over time. At higher concentration of Ce3+ oxidation state, 

nanoceria forms a colorless colloidal solution (at 5 mM concentration) and the redox reaction can 

be monitored by change in characteristic UV absorbance and qualitatively through the visible 

changes in color. Nanoceria has been shown to protect hydrogen peroxide induced cell damage 

and can be used to demonstrate the regeneration of 3+ oxidation state. Thus to compare the redox 

chemistry of CNPs in different PEG solutions we monitored the change in oxidation state of 

CNPs as a function of time upon addition of equal amount of hydrogen peroxide to the CNPs 

samples. This redox procedure can briefly be summarized as: a) Addition of hydrogen peroxide 

oxidizes cerium in nanoceria from 3+ to 4+ oxidation state b) The acidic medium (pH 2.5- 3.5) 

around the nanoparticles favors 3+ oxidation state and thus upon aging the nanoceria undergoes 

surface reduction and regenerates its active 3+ oxidation state (with reduction of 4+ state) c) 

further addition of H2O2 to CNPs can repeat this cycle. Figure 2c shows the visible changes in 

color of the solution upon addition of equal amount of hydrogen peroxide to the CNPs prepared 

in various PEG solutions. The color change serves as a direct evidence of the reaction of CNPs 

with hydrogen peroxide. It can be noted that the color from the charge transfer intensifies and 

shows a red shift upon increasing the concentration of PEG from 0 – 80 volume percent. UV-

Visible spectra depicts a primary peak at 298 nm corresponding to increase in Ce4+ species as 

shown in SI-6 (inset shows relative increase in absorbance with increase in PEG concentration). 

A secondary peak (appearing as a shoulder) was seen between 300-400 nm corresponding to the 
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charge transfer spectra between the oxidized cerium 4+ and the etheral oxygen (-CH2O) from 

PEG. Figure 3a depicts the bathochromic shift with respect to concentration of PEG. It is clear 

that CNPs in 40, 60 and 80PEG solutions are red shifted as compared (maximum in absorption 

beyond 340 nm) to 5, 10 and 20PEG CNPs solutions.  

 

Figure 4-3: Bathochromic shift of PEG-CNPs corresponding to charge transfer species upon 
reaction with H2O2PEG-CNPs showed behavior peculiar to negative solvatochromism as the 
spectral values are red shifted with decrease in polarity of solvent b) UV-Vis spectra of CNPs in 
PEG solutions depicting reduction in amount of Ce4+ in different PEG solutions after 1 week. 

It is known that the absorption of dyes and other absorbing species changes with polarity and 

dielectric constant of the solvent8. In general the spectra are red shifted upon increasing the 

polarity of the solvent while the spectra in Figure 3a are red shifted with decrease in the polarity 

of the solvent corresponding to negative solvatochromism phenomenon. The dielectric constant 

of PEG varies as 81, 77, 74, 67, 53, 39, and 25 for water, 5, 10, 20, 40, 60 and 80 PEG, 

respectively and the polarity of the solution is expected to decrease with similar trend. The red 

shift upon varying concentration of PEG suggests that two different charge transfer mechanisms 

occur from oxygen to cerium. The first being an internal charge transfer from oxygen to cerium 

a) b)
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in CeO2 (centered at 298 nm) and the second from the ethereal (-CH2O) oxygen of PEG to 

cerium (centered around 320-400 nm). A non-specific trend in absorbance with concentration (or 

polarity/dielectric constant) of PEG suggests that the spectrum is not entirely solvent dependent 

but PEG associates to a different degree with CNPs. In addition to exhibiting different charge 

transfer, the regeneration of 3+ oxidation state of nanoceria in various PEG concentrations was 

monitored over time. Figure 3b depicts the UV-Vis spectra of CNPs in various PEG after 1 week 

of aging which shows disappearance of Ce4+ oxidation state. It can be noted that the regeneration 

of Ce3+ state of nanoceria is also a function of PEG concentration and is possibly induced by the 

stability of charge transfer complex. Investigations on the specific mechanism are under way and 

the possibilities have been described in SI-7. The UV-Vis spectra clearly depict that CNPs can be 

tuned to regenerate 3+ oxidation state faster or slower depending upon the requirement. A faster 

regeneration of 3+ oxidation state can reduce the time lag for nanoceria to be active repeatedly 

for radical scavenging. In addition to this the CNPs in PEG can have different amount of cerium 

in 4+ oxidation state depending upon aging time. This is particularly important as cerium 4+ 

oxidation state in CNPs can mimic the activity of enzyme catalase (data not published). The 

behavior of 20PEG solution upon aging for 28 days is shown in SI-8. It can be observed that the 

oxidation state of CNPs changes dynamically with time and by 21st day the 3+ oxidation state 

(absorption max – 252 nm) was completely regenerated.  

4.3 Materials and methods 

4.3.1 Synthesis of PEGylated nanoparticles  

CNPs were prepared in water and in different concentrations of PEG (600 molecular weight) 

solution. To evaluate the effect of PEG during synthesis of CNP and to determine what effect(s) 

the presence of PEG presence has on activity of CNPs the concentration was varied from 0 

(vol%) PEG to 80 (vol %) PEG in water. Cerium nitrate hexahydrate (Sigma Aldrich) was 
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dissolved in PEG solution and allowed to digest for one hour. The pH of the solution was 

adjusted between 2.5 to 3.5 by the addition of 1N nitric acid (Sigma Aldrich). The solution was 

then oxidized using stoichiometric amounts of hydrogen peroxide (30 wt % Sigma Aldrich) to 

produced CNPs from cerium ions. At this point the samples were then aged for one month at 

room temperature and the solutions were monitored continuously for one month to maintain the 

pH below 3.5. The final solutions can be dialyzed to remove the excess acid and nitrates in the 

suspension. The CNPs with predominant Ce3+ are ready to use after aging of solution. The 

samples are labeled as WB (water based), 5PEG, 10PEG, 20PEG, 40PEG, 60PEG and 80PEG 

representing the increasing concentration of PEG volume percent (in water). 

4.3.2 Fourier transform infra red spectroscopy (FTIR) 

The coating of the CNPs with PEG was confirmed by FTIR. The samples were dialyzed against 

a 3500 (MW) cellulose membrane to remove excess and uncoordinated PEG from CNPs along 

with other ions. The sample was characterized before and after the dialysis using attenuated total 

reflectance (ATR) mode from the samples dried on KBr. Representative data from 20PEG is 

reported. 

4.3.3 UV-Visible spectrophotometry 

The UV-visible measurements spectral data was obtained using Varian Lambda 750 UV-VIS 

NIR instrument with a diffuse reflectance detector. All samples were characterized against a 

control PEG solution at the same concentration The UV-visible measurements were recorded 

from fresh and one day aged samples and after every seven days. UV-visible spectra were 

recorded for unoxidized cerium nitrate solution in PEG to account for the bonding of cerium ion 

with the PEG. 



86 
 

4.3.4 High resolution transmission electron microscopy (HRTEM): 

High resolution transmission electron micrographs were obtained using FEI Tecnai F-30 

microscope operated at 300 KV with a point-to-point resolution of 0.2 nm. The samples were 

prepared by depositing a drop of CNPs in PEG solution on a holy carbon coated copper grid. The 

TEM grids were dried overnight in vacuum before imaging. The Selected Area Electron 

Diffraction (SAED) patterns were recorded to confirm the crystal structure of CNPs. 

4.3.5 SOD mimetic assay: 

Xanthine oxidase and catalase were obtained from Sigma-Aldrich. Hydrogen peroxide and 

cytochrome C were purchase from Acros Organics (Geel, Belgium). Tris was obtained from MP 

Biomedicals (Solon, Ohio).  

Reduction of Ferricytochrome C was used to measure the SOD mimetic activity of nanoceria 

(2c)(). Each assay was performed at room temperature for 30 min in a 96 well plate with a total 

volume of 100 µL.  

All reactions were buffered with 50 mM Tris buffer (pH 7.5) and the rate of ferricytochrome C 

reduction was measured by following an increase in absorbance at 550 nm using a Spectramax 

190 UV-Visible spectrophotometer (Molecular Devices, Sunnyvale, CA). Concentration of 

nanoceria was fixed at 2.5 µM for analysis of superoxide scavenging properties. All experiments 

were performed with 2000 units of catalase to eliminate any residual hydrogen peroxide that may 

react either with nanoceria or ferricytochrome C.  

4.3.6 Cell culture: 

For cultivation in a defined medium, a normal human keratinocyte (HaCat) cells (kind gift of Dr. 

Norbert Fusenig, German Cancer Research Center) were transitioned from defined keratinocyte 

medium (DKM, Invitrogen, Carlsbad, CA) supplemented with 10 % FBS to FBS deficient DKM 
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by 50% stepwise decrease in FBS concentration (5% FBS in DKM first passage, 2.5% FBS in 

DKM second passage and so forth). This gradual decrease in FBS conditioning allowed HaCat 

cells to grow optimally in DKM without serum, as direct transition to FBS deficient DKM 

resulted in cell death. HaCat cells were cultured in DKM with 10 µg/mL streptomycin and 10 

IU/mL penicillin (Mediatech, Herndon, VA). The cultures were incubated at 37 ºC in a 

humidified 5% CO2 atmosphere.  

4.3.7 Cell viability assay 

In order to determine the toxicity of PEG coated CNPs we utilized a normal human keratinocyte 

(HaCat) cell culture model in a defined keratinocyte medium (DKM, see above). In a typical 

experiment, 2,500 cells were seeded per well in a 96-well plate. Cells were allowed to adhere to 

well plate surface for 24hrs and PEG CNPs having concentration 10, 50, 100 and 500 µM in 

different percentage of PEG were added to and the cells were incubated for 24, 48 and 72 hrs. A 

tetrazolium dye, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) was 

added (1.2 mM) and cells were subsequently incubated at 37 ºC in 5% CO2 ion dark for 4h. To 

solubilize the dye, 100 µL of cell lysis solution (10% SDS, 5 mM HCL) was added to each well 

and the plate was incubated overnight at 37 ºC. Absorbance of the soluble dye was recorded at 

570 nm using a SpectraMax 190 spectrophotometer (Molecular Devices). Cell viability was 

determined by dividing the absorbance of treated samples with untreated controls and reported as 

a percentage with error being the standard deviation from triplicate wells. 

 

4.4 Summary 

This confirms the hypothesis that coating of CNPs with PEG did not interfere with their redox 

property. Further, synthesizing CNPs in PEG have additional advantages of tuning the 
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regeneration kinetics. The regeneration of 3+ oxidation state of nanoceria was a function of PEG 

concentration thereby providing tunable CNPs with reversible oxidation state switching. CNPs 

synthesized in 5-40PEG showed a fast reversal of oxidation state and will be used in future 

investigations. CNPs synthesized in PEG offer a promising alternative to PEG-SOD as ROS 

scavengers and future studies will focus on in-vitro and in-vivo models. The specific interaction 

and degree of association of PEG with inorganic NPs will also be a focus of future studies. 
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4.6 Supporting Information 

4.6.1 UV-Vis spectra of cerium nitrate in various concentration of PEG 

 

SI-1 UV visible spectra of cerium nitrate solution in various concentration of PEG. Increasing 

the concentration of PEG significantly alters the absorbance value at characteristic edge of Ce3+ 

(252nm) in nitrate. A non-specific change in absorbance value corresponds to association of PEG 

with cerium ions thereby either stabilizing or destabilizing the Ce3+ characteristic absorbance 

value  
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4.6.2 MTT cell viability  

 

SI-3: The MTT cell viability analysis of PEG-CNPs shows concentration dependent toxicity at 

very high dose of 500uM for high concentration PEG. The time dependent analysis shows that 

the PEG-CNPs do not show any adverse toxicity in cells for a) 24 hours b) 48 hours and c) 72 

hours for low concentration of PEG in PEG-CNPs. Slight toxicity can be seen for very high 

concentration of PEG upon exposure for 72 hours. The stability of MTT dye against the PEG-

CNPs was determined by measuring the optical density (OD) of the dye at its characteristic 

absorbance at 383 nm. The measured OD of the MTT dye at 383 nm did not show any 
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significant changes. Thus it can be ascertained that MTT dye does not react with PEG –CNPs 

and is stable against any degradation or loss of activity due to adsorption. 

4.6.3 Transmission electron micrographs of nanoceria in various PEG 

 

 

SI-4 High Resolution Transmission Electron Micrographs (HRTEM) of CNPS in a) 20PEG b) 

40PEG c) 60PEG d) 80PEG e) Water (Corresponding SAED patterns as inset) f) High 

magnification image demonstrating the individual particle size of 3-5nm from 20PEG sample 

(Corresponding FFT pattern as inset).  
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4.6.4 SOD control for various PEG 

 

SI - 5: SOD mimicking activity of only PEG solutions depicting that PEG alone does not possess 

any SOD mimicking activity (y axis represents normalized absorbance).  
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4.6.5 UV-Visible spectra of nanoceria in various PEG after addition of H2O2 

 

SI-6: The change in absorbance of nanoceria particles (5mM) in various concentration of PEG 

(5-80 vol%) after addition of same amount of hydrogen peroxide (Inset shows the relative 

increase in absorbance value at 298nm corresponding to increase in characteristic absorption of 

Ce4+). Significant red shift corresponding to the formation of a charge transfer complex between 

300 and 400nm could also be observed  
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4.6.6 Reaction of H2O2 with nanoceria 

SI-7: Despite a number of attempts and benevolent users the mechanism of regeneration of 

cerium oxide nanoparticles is not yet known. Several publications over a period of several years 

can be found in the literature [J. W. Gryder and R. W. Dodson, ibid., 1951, 73, 2890, The Journal 

of physical chemistry 1952, 2266, Journal of the American Chemical Society, 1956, 78, 1540, 

Journal of The American Chemical Society, 1957, 79, 6353, The Journal of physical chemistry 

1963, 67, 201, Journal of European Ceramic Society, 1999, 19, 1925, Applied Surface Science 

2006, 253, 1770, Journal of The Electrochemical Society, 2006, 153, C74, Chemistry of 

Materials 2007, 19, 2321] in this topic alone however, none of the article could solve the 

complete redox chemistry and/or were not related to nanoparticles. While the switching between 

various oxidation states of cerium has been described to a certain extent previously but, all the 

mechanisms were ascribed to cerium ions and occurred at very low pH(below 1.0). Recent 

literature has been more thorough in the interaction of cerium with hydrogen peroxide. Scholes 

et al (Chemistry of Materials, 2007, 19, 2321) could show that the oxidation of Ce (III) to Ce(IV) 

occurs through formation of an intermediate compound, cerium oxy peroxo complex CeO2(OH)2 

while Djuricic et al (Journal of European Ceramic Society, 1999, 19, 1925) described this 

compound as Ce(OH)4-x(OOH)x based on the thermogravimetric analysis.  Even though both the 

work started with cerium ions and report the formation of complex after addition of hydrogen 

peroxide to cerium ions, we have observed the formation of this compound upon addition of 

hydrogen peroxide to grounded cerium oxide nanoparticles (below 20 nm) and aqueous 

suspension of CNPs. Scholes et al described that the peroxo complex forms in alkaline medium 

as 

Ce(III) + H2O2 + OH-  CeO2(OH)2  CeO2 + 1/2O2 + H2O  
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However we hypothesize that the oxidation of Ce(III) to Ce(IV) in nanoparticles from hydrogen 

peroxide occurs through a fenton type reaction which is sufficient to produce the required 

amount of hydroxyl ions to form the cerium peroxo complex. The aging of this complex in the 

aqueous acidic medium instead of aging in air decomposes the complex and regenerates the 

reduced oxidation state through internal redistribution of charge. The equations can be written as: 

CeO2-x + H2O2  CeO2 +  2OH- 

CeO2 + 2OH-  CeO2(OH)2 

CeO2(OH)2  CeO2 + 1/2O2 + H2O (in air) 

2CeIVO2 (OH)2 + 2H+ (aq)  2CeO2-x + 3H2O + (½ +x)O2 (in aqueous medium) 

The participation of hydroxyl group in the regenerative process through the formation of a 

complex is strongly supported by the fact that a charge transfer complex forms between the PEG 

and the ceria nanoparticles in the presence of hydrogen peroxide. The is serves as a direct 

evidence of the involvement of PEG in the regenerative process and also affirms the findings of 

Scholes et al with respect to the formation of a cerium peroxo complex. We truly believe that the 

faster regeneration kinetics of nanoceria in PEG is linked to the ability of the terminal hydroxyl 

groups of PEG to take part in the cerium peroxo complex.  

The evidence of faster regeneration of trivalent oxidation state in PEG hints at different 

mechanism being operative in aqueous medium under acidic conditions than in aerobic 

decomposition. 
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4.6.7 UV-Vis spectra of aged nanoceria 

 

SI-8: UV-visible spectra of CNPs synthesized in 20PEG solution and aged for 4 weeks. It is 

observed that upon addition of hydrogen peroxide, the concentration of Ce4+ increases and 

reaches a maximum in 1 day. The aging of solution in acidic media causes reversal of oxidation 

state followed by a decrease in Ce4+ concentration and CNPs regenerates its predominant 3+ 

oxidation state within 3 weeks.  
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5 SYNTHESIS DEPENDENT CORE LEVEL BINDING ENERGY SHIFT 

IN THE OXIDATION STATE OF PLATINUM COATED ON CERIA-

TITANIA CONTROLS THE ACTIVITY OF METHANOL 

DECOMPOSITION 
5.1 Introduction 

The development of alternative sources of energy has driven the research in energy sector for 

more than a decade. Promising alternatives have been proposed in form of polymer electrolyte 

membrane fuel cells that require hydrogen rich gas streams. Alcohols such as methanol and 

ethanol are currently being targeted as the hydrocarbon sources for production of hydrogen 

required in these fuel cells. Among several methods looked into the generation of hydrogen from 

methanol such as decomposition (MD) [1-4], steam reforming (SRM) [4-12], combined steam 

reforming (CSR) [4] and partial oxidation (POM) [13-18] of alcohols, the decomposition of 

methanol at elevated temperatures by noble metals supported on reducible and non-reducible 

oxide can be visualized as one of the simplest processes. The decomposition of methanol at 

elevated temperature over noble metals proceeds through the scission of C-H bonds and C-O 

bonds and is supposed to be less energy intensive and selective as compared to ethanol where a 

C-C scission is also required. However, this presumably simple decomposition can undergo 

various reactions (equation 1-4) depending upon the catalyst and the temperature of 

decomposition.  2       (1) 

3        (2) 

2         (3) 

     (4) 
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Use of noble metals decreases the temperature of decomposition and increases the percentage 

decomposition of methanol obtained at specific temperature but suffers from poisoning effect of 

carbon monoxide produced as a byproduct of the reaction. Metal oxide as supports for noble 

metal catalysts have been researched thoroughly where the synergistic effect between the metal 

and the metal oxide have been shown to help lower the decomposition temperature of the oxide, 

improve the selectivity and minimize or completely remove carbon monoxide or water based 

poisoning of the supported catalysts [1, 2, 19-22]. Both reducible (alumina and zirconia) and 

non-reducible oxides (ceria and titania) have been studied as supports for decomposition of 

methanol using either Pd, Pt or Rh as the catalyst [22]. For the current system we have chosen 

ceria modified titania as the support oxide because of the improved catalytic performance of this 

mixed oxide as compared to ceria and titania only systems. In addition, the oxidation state of 

cerium in ceria modified titania is found to be trivalent thus forming a mixture of reducible 

(titania) and non-reducible (ceria) surface oxide. It was reported that for platinum, the 

decomposition of methanol proceeds via the cleavage of C-H bond to produce CH2OH and that 

this scission is much more favorable than the scission of O-H bond due to the existence of a very 

high reversible barrier. The reaction proceeds through a second C-H bond scission followed by a 

quasi simultaneous scission of the C-H/O-H bond to form CO [2].  

With respect to the activity of the metals, specifically platinum, it has been debated whether the 

pure metallic state or the oxidized form of platinum is more active in improving the performance 

and rate of catalysis [23-25]. It was shown that the reconstruction of Pt (110) structure into the 

oxide form results in improved oxidation catalysis of carbon monoxide [26]. DFT analysis by 

Pederson et al [27] confirmed this observation with respect to Pt (110) surface and it was also 

found that α-PtO2 (0001) hexagonal basal planes remain inert for CO oxidation. In another 
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theoretical study it was found that α-PtO2 forms on Pt (111) surface while PtO type 

stoichiometry is favored on Pt (100) surfaces. Although both PtO and PtO2 were catalytically 

inefficient, the authors found Pt3O4 which formed at higher oxygen coverage, as more 

catalytically active [28, 29]. Hammer and Li [30] found a triple phase boundary of 

gas/metal/metal oxide to be much more active for the oxidation of carbon monoxide at 

Pt(111)/CO and α-PtO2 phase boundary. Croy et al [20] reported that the oxidation state (Ptδ+) 

and particle size of platinum play more important role for methanol decomposition than the 

reducibility of the support. Xu et al [23] emphasized the fact that the oxidation ability of the Pt 

clusters is dependent upon the size of the clusters and can exhibit disparate activity as well as 

interaction with the support oxide using DFT calculations.  

Herein we present further evidence that the activity of the platinum towards methanol 

decomposition is primarily affected by its oxidation state. We show that the synthesis method 

chosen for coating platinum particles over mixed oxide support can play a major role in 

determining the final oxidation state of the platinum. We compared the two most common 

methods of coating platinum, impregnation of platinum salt followed by thermal reduction and 

chemical reduction using sodium borohydride, over the oxide support. We show that the catalytic 

properties are a function of the synthesis and the oxidation state of platinum at fixed (3-5 nm) 

particle size over ceria titania mixed oxides and the poisoning of the catalyst is observed at 

higher metallic state of platinum.  

5.2 Results and Discussion 

5.2.1 Physical characteristics of the support and metal decorated catalysts 

Metal oxides as catalyst support have been recognized as important components in the design 

and synthesis of modern catalyst systems. The mixed oxide system of ceria and titania was used 

as the supporting oxide. The co-precipitation based synthesis of the mixed oxide results in 
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synthesis of 5-7 nm crystallite of titania after calcination at 600oC as shown in figure 1 a and c. 

The SAED pattern in figure 1b matches with the anatase phase of the titania confirming the 

polycrystalline nature of the oxide. The XRD did not show any indication of the cerium oxide or 

mixed phase of ceria titanates upon calcination at 600oC which is consistent with the literature 

[32-39]. 
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Figure 5-1 High resolution transmission electron micrographs (HRTEM) of mixed metal oxide 
(ceria –titania) after calcination at 600oC a) low magnification image depicting agglomeration 
tendency b) SAED pattern of titania confirming the polycrystalline nature of sample c) high 
magnification image confirming the individual particle of 7-10 nm d) The crystal structure of the 
mixed oxide was confirmed by X-ray diffraction which showed anatase as the only crystalline 
phase. 

 It has been shown that the presence of ceria helps to delay the onset of the rutile as well as 

anatase phase in titania and also helps to increase the temperature range over which anatase 

exists as stable phase [35, 36].  

 

Figure 5-2 Transmission electron micrographs of sample PTCR shows 2-4 nm platinum 
nanoparticles formed upon chemical reduction of platinum chloride a) low magnification b) high 
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magnification clusters of three nanoparticles c) faceted geometry of the platinum nanoparticles 
high magnification image confirming the interplanar spacing of Pt. 

It has also been hypothesized that cerium oxide is present as an extremely diffuse phase over the 

grain boundaries which also helps in preventing the coarsening of the particles at elevated 

temperatures and the onset of rutile phase [35, 36]. Recently, in a theoretical investigation, 

superior catalytic activity of M/CeO2/TiO2 system in water gas shift catalysis was reported [40]. 

No indications of ceria being doped in the titania lattice was observed as confirmed by the 

absence of any shift in the XRD pattern of the ceria titania with respect to only titania (not 

shown). The high magnification image in figure 1C shows lattice fringes of the titanium oxide 

nanoparticles along with few amorphous particles this could indicate that there are particles out 

of the plane of focus or that the is a presence of partially amorphous titania or ceria sample. The 

BET surface area of the as synthesized powders was 410 ± 3 m2/g and reduced to 83 ± 4 m2/gm 

upon calcination at 600 oC for 3 hours.  

The coating of metal oxides with 1% platinum did not modify the particle size of the mixed 

oxides. Coarsening of particle size of platinum was reported previously on the cerium oxide 

supports [22]. Such coarsening was not observed in present experiments however it is possible 

that the relatively lower atomic concentration of the cerium is not sufficient enough to cause the 

coarsening of the Pt nanoparticles. Figure 2 a-d shows the TEM images of the 1% Pt coated ceria 

titania synthesized by the chemical reduction of platinum (PTCT) after adsorption. The Pt 

nanoparticles were distributed as 3-5 nm particles which are larger than the sizes reported by 

Croy et al [20, 22]. The Pt nanoparticles formed after chemical reduction appears elliptical 

and/or faceted. The particle size of the mixed oxide did not change after the process of reduction 

making it difficult to identify the Pt nanoparticle dispersed in ceria titania matrix. Surprisingly 

the particle size of the Pt nanoparticles synthesized from the chemical reduction followed by 
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calcination was in the similar range of 3-5 nm. Figure 3a-d shows the size of the platinum 

nanoparticles synthesized by the chemical reduction (PTCR) method and calcined at 500oC for 2 

hours. However the geometry of the nanoparticles is more spherical as compared to the non-

calcined nanoparticles which suggest volume redistribution in the Pt nanoparticles during the 

process of calcination.  

 

Figure 5-3 Transmission electron micrographs of sample PTCR-T shows that the particle size of 
platinum does not change upon calcination at 500C over ceria titania mixed oxide support a) low 
magnification image b) high magnification image c) spherical geometry of the platinum 
nanoparticles d) selected area electron diffraction confirming the polycrystalline nature of the 
mixed oxide. 
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The particle size and shape of the Pt nanoparticles synthesized by thermal reduction (figure 4 a-

c) were identical to the calcined sample. The highly dispersed nature of Pt nanoparticles on the 

surface of oxide prevented further agglomeration during the calcination however, the possibility 

of support effect in pinning the coarsening of nanoparticles cannot be ruled out.  

 

Figure 5-4 Transmission electron micrographs of sample PTCT over ceria titania mixed oxide 
support a) low magnification image b) selected area electron diffraction confirming the 
polycrystalline nature of the mixed oxide c) high magnification image depicting that the particle 
size of the base oxide is unaltered d) high magnification image depicting 5 nm platinum (111) 
nanoparticles. 

Surprisingly, no indication of a top oxide coating was evidenced by the TEM even though the 

samples showed a high degree of oxidized platinum (as discussed in following sections). The 
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surface area of Pt modified nanoparticles did not show any significant change as compared to the 

base value of 84 m2/g for 600oC calcined sample which can be attributed to the fact that the 

particle size of as-synthesized powders is 5-7 nm and the modification by 1% coating of 3-5 nm 

platinum nanoparticles would not produce a significant change. 

5.2.2 Activity and selectivity of the catalysts 

The activity of different catalysts at various temperatures is plotted in figure 5a. It was observed 

that the catalyst prepared by thermal decomposition of platinum over the mixed oxide catalyst 

(PTCT) outperformed the catalysts prepared by the chemical reduction of the metal. The onset 

temperatures of the PTCT and PTCR were around 175 – 200oC while the onset temperature of 

the PTCR-T sample was around 200 - 225oC.  

 

Figure 5-5 a) The activity of Pt modified ceria titania catalysts for decomposition of methanol at 
various temperatures b) the poisoning behavior of the catalysts is depicted by change in the 
partial pressure of hydrogen as a function of time. The catalyst PCTT displayed no signs of 
toxicity even after 11 hours while the samples prepared by chemical reduction of Platinum 
(PCTR and PCTR-T) displayed very fast poisoning behavior. 

The decomposition of methanol in all the samples proceeded with production of only CO and 

hydrogen. No additional gases such as methane or carbon dioxide were detected in the mass 

spectrometer for the temperatures range covered in this study. It has been shown that the 
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catalytic decomposition of methanol over Pt supported on ceria or plain ceria (no noble metal 

catalyst) produces carbon dioxide as one of the byproducts [1, 22]. As the crystalline features 

corresponding to cerium oxide were not identified in the as synthesized catalyst, it can be 

assumed that the support oxide effect was mainly influenced by the presence of titanium oxide 

and not cerium oxide thus eliminating the production of carbon dioxide. The activity of the 

catalysts increased with increase in temperature. Even though the sample PTCR showed some 

activity in the lower temperature, the activity did not improve significantly with temperature as 

this catalyst reached only 50% efficiency at 325oC. The catalyst (PTCR) failed to reach 100% 

conversion even upon increasing the temperature up to 400oC and demonstrated heavy poisoning 

as shown in figure 5b. It was observed that at this temperature trace amounts of water was also 

produced and that the production of water significantly and rapidly poisons the catalyst in 

presence of carbon monoxide. The calcination of this sample at 500oC improved the performance 

of the catalyst (PTCR-T) showing classical S- shaped kinetics with increase in decomposition of 

methanol at as the temperature was increased with conversion efficiency in excess of 90% at 

350oC and 375oC. The catalyst PTCR-T showed 100% conversion at 400oC however, at this 

temperature the catalyst poisoning was very rapid similar to the poisoning observed for 

uncalcined sample (PTCR). Interestingly the catalyst PTCR-T showed very slow poisoning at 

375oC for at least 3 hours but the conversion efficiency at this temperature was around 95%. As 

soon at the temperature was increased to 400oC the poisoning of the catalyst poisoning occurred 

within a few minutes (Figure 4b) of increasing the temperature to 400oC. It was also noted that 

even though the calcination of PTCR sample improved the overall conversion efficiency, it 

reduced the activity of the catalyst in the lower temperature range. This also suggests an increase 

in the energy barrier for decomposition of methanol by the PTCR-T sample which resulted in 
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increasing the onset temperature for methanol decomposition. In contrast, the PTCT catalyst 

demonstrated excellent catalytic behavior as the decomposition of methanol increased rapidly 

with increase in temperature. 

 

Figure 5-6 The rate of decomposition of methanol of various catalyst at various temperatures 
shows both PCTT and PCTR-T decomposed 100% of methanol (3.5mmol/min/g of catalyst) 
flowing through the reactor b) the Arrhenius plots for the decomposition of methanol as a 
function of temperature. For Arrhenius plots the temperature range for PTCT was chosen as 
175oC to 300oC while for PTCR and PTCR-T the temperature range under study was from 275oC 
to 350oC. 

 The complete conversion of 3.5mmoles of methanol/ minute/g of the catalyst was achieved at 

300oC. It was observed that the temperature for 100% conversion of methanol was higher than 

the values reported in literature [1, 4, 20, 22, 41-49] but our rate of flow of methanol is 

significantly higher with respect to the catalyst loading and the amount of noble metal on the 

supported oxides which could result in reduced activity of the catalyst at lower temperatures. The 

catalyst loading of 50mg in present study is lower than the mostly reported data in the literature 

(100-300mg) but have significantly higher conversion rate of methanol [20, 22, 41-43, 46-49].  

The rate of conversion of methanol for various catalysts is depicted in Figure 6a and it can be 

observed that both the catalysts PTCR and PTCT decomposed methanol at a very high rate of 
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3.5mmoles of methanol/minute/g of the catalyst. Arrhenius plots were constructed by plotting the 

natural log of rate of decomposition of methanol against (1/T) and are depicted in figure 5b. It 

must be mentioned that the values of ln (R) for PTCR and PTCR-T was plotted only in the range 

of 250oC to 350oC and the values were neglected in the lower temperature range to obtain the 

best fit. The values activation energies were calculated from the plot and are 13.06 KJ/mol, 13.67 

KJ/mol and 19.21 KJ/mol for PTCT, PTCR and PTCR-T. As expected from the decomposition 

plots the activation energy is lowest for PTCT followed by PTCR and highest for PTCR-T 

suggesting that the decomposition of methanol is favored on thermally prepared noble metal 

catalyst on mixed oxide support.  

5.2.3 Chemical oxidation state of platinum and oxide support 

The x-ray photoelectron spectroscopy was used to ascertain the relative changes in the oxidation 

state of the Pt, Ce and Ti. The modification of support oxides with platinum did not change the 

characteristics of the support oxide material. Figure 5 shows the XPS spectra of cerium 3d, 

titanium 3p, carbon 1s and chlorine 2p level. It can be observed that the XPS spectra do not show 

any significant differences between the samples coated with platinum. No trace of residual 

chlorine was observed in the XPS peak indicating the complete removal of chlorine during 

organometallic decomposition to the metal. A high resolution scan was required to observe the 

Ce 3d spectra which demonstrated that cerium is predominantly present in trivalent oxidation 

state by the absence of characteristic 917eV satellite peak for Ce4+. It has been shown previously 

that at low atomic concentration of cerium in a mixture of ceria-titania, cerium is predominantly 

present in trivalent oxidation state. The presence of reduced cerium on the surface changes the 

behavior of support oxide from reducible to partially non-reducible. The XPS spectra of platinum 

4f level depicts different percentage of Pt(0) for different treatment of platinum. The thermally 

reduced platinum (PTCT) showed the highest mixture of mixed oxidation states of platinum with 
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Pt(2) as the predominant oxidation state. The position of the Pt(0) peak was shifted to higher 

binding energy for PTCT relative to the pure metallic platinum while the Pt(0) peak for PTCR 

and PTCR-T was shifted to lower binding energy relative to pure metallic titanium. 

 

Figure 5-7 X-ray photoelectron spectroscopy plots confirming the presence and absence of 
various chemical species on the ceria tiania surface before and after coating the surfaces with 
platinum a) carbon 1s peak for peak referencing b) chlorine if present could not be detected in 
the XPS depicting the complete reduction of the hexachloroplatinum to platinum nanoparticles c) 
cerium 3d shows the absence of characteristic 917eV satellite peak confirming that cerium is 
predominantly present in reduced trivalent oxidation state d) titanium 3p level shows no change 
after various treatment of catalyst 

 This shift towards the lower binding energy is consistent with the previous report [20]. Such 

large shift towards lower binding energy of Pt 4f core level peak was also reported by Dauscher 

et al [50] under reducing conditions over ceria titania mixed oxide surface. It was observed that 
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under various annealing treatment of platinum supported over bulk ceria-titania mixed oxide, the 

Pt 4f peak showed various shift and was shifted to values as low as 70.3 eV upon annealing in 

hydrogen gas at 450oC. 

 

Figure 5-8 The XPS spectra for platinum after reduction over the ceria titania supports following 
the peak fit assignments a) PTCT shows mixed oxidation states with Pt(2) as the major 
component b) PTCR sample shows Pt (0) as the major component c) the calcination of the 
sample PCTR marginally increases the concentration of mixed oxidation states. 
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The shift towards lower binding energy suggests a charge transfer from the oxide support to the 

metal under the reducing atmosphere thereby facilitating the removal of the binding electron 

from platinum. In contrast the shift in the Pt (0) peak towards higher binding energy in PTCT can 

be attributed to a limited interaction between the metal and the support during the reduction 

process. This shift is only 0.2eV and the marginal shift is under the limit of experimental and 

instrumental accuracy. The fact that the metallic platinum peak was not shifted towards lower 

binding energy in the case of thermally reduced platinum also suggests that the catalysts will 

behave differently towards methanol oxidation. It is unclear whether the faceting of 

nanoparticles as observed in thermal reduction process or the slow decomposition of platinum as 

opposed to the fast chemical reduction is responsible for opposite shift in the core level binding 

energy of metallic.  

The calcination of PTCR sample resulted in increasing the relative amount of oxidized platinum 

and also resulted in improving the catalytic efficiency of the catalyst. It can be noted from figure 

6b and 6c that both the Pt(2) and Pt(4) peaks were also shifted to lower binding energy as 

compared to pure PtO and PtO2. While the calcination at 500oC increases the relative percentage 

of oxidized platinum it did not induce any shift in the position of the Pt 4f peaks as compared to 

the non-calcined sample. In contrast Pt (2) was the predominant form of platinum in the sample 

prepared by thermal reduction of platinum.  

A comparison of the activity of catalysts towards methanol decomposition with the results from 

the XPS spectra suggests that the oxidized form of platinum is more active for the decomposition 

of methanol over mixed ceria titania as the supports. This observation adds to the controversy in 

the open literature about the role of the oxidation state of platinum towards its catalytic activity. 

The fact that we could produce similar sized Pt particles over the same support with different 
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oxidation state is very important contribution and may be used as an experimental evidence for 

higher activity of oxidized platinum at least in the decomposition of methanol. The oxidized 

form of platinum was also important to avoid the poisoning of the catalyst as the thermally 

calcined material did not show poisoning for more than 11 hours at a rate of 3.5mmoles of 

methanol/min/g of the catalyst, a high rate of decomposition. Despite the size being the same, it 

should also be noted that the thermally calcined catalysts did not show any faceting probably due 

to 500oC calcination. The contribution of facets in affecting the catalytic performance cannot be 

ignored and will be a topic of future investigations. The spherical geometry is the most stable 

configuration and may expose the most stable planes as opposed to the faceted geometry which 

may expose more reactive planes. This could explain the higher activity of chemically reduced 

catalyst (PTCR) in the low temperature regime however the catalytic performance was hampered 

at elevated temperature possibly due to partial poisoning of the catalyst. The role of support was 

not the main focus of the study as the support was kept same for different preparation of 

platinum coated nanoparticles. The effect of different coating procedure on the chemical and 

physical properties of support oxide was inconclusive as the support did not show any significant 

changes in the XPS spectra. Thus all the changes in the catalytic performance can be related to 

the changes in the chemical state of platinum. 

5.2.4 In-situ diffuse reflectance spectroscopy 

FTIR analysis was performed on all the samples to identify any difference in the mechanism of 

decomposition of methanol which may have resulted in lowering the activity PTCR and 

poisoning of PTCR-T samples. General observations were consistent with the observations of 

Wachs et al [16, 51-53]. It was surprising that no apparent difference was found between the 

samples except that there were no signs of immediate breakdown of methanol at 150oC for 

PTCR and PTCR-T samples after stopping the flow of methanol. The spectra are not shown for 
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the brevity of manuscript; however, the peaks from the sample PTCT is being discussed and 

shown with respect to changes in temperature in figure 9. 

 

Figure 5-9 In-situ diffuse reflectance spectroscopy spectra of various in methanol flow and after 
the flow of methanol at different temperatures a, b) at room temperature (RT) c,d) at 150oC e,f) 
at 300oC shows the behavior of methanol decomposition over the surface of catalyst. The peaks 
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in the region 2950 to 2810 cm-1 correspond to the C-H sym and asym stretch mode from the 
OCH3 group of methanol while peaks in region 1570 – 1300 cm-1 shows presence of O-C-O 
stretch from formate. 

 At room temperature the peaks corresponding to only physical adsorption of methanol can be 

observed at 2952 and 2841 cm-1 for C-H stretching mode of the methoxy group. The methanol is 

not desorbed from the surface upon stopping the methanol flow and the absorption peaks 

correspond only to physisorbed methanol during and after the methanol flow at room 

temperature. Upon increasing the temperature to 150oC the peaks from the physisorbed methanol 

disappeared and the peaks corresponding to the chemisorbed methanol arise from the C-H stretch 

of the methoxy group at 2935 and 2830 cm-1. The peaks from the bending mode were not very 

apparent however the formate peak at 1572 and 1385 cm-1 was visible. These formate peaks are 

at higher wavelength than the normal formate peaks possibly due to the support interactions. The 

C-H stretch from the formate also appeared at 2880 and 2961 cm-1 suggesting that the stepwise 

dehydrogenation of methanol is the preferred mechanism of decomposition of methanol. For 

efficient catalysis it is imperative that the reactants must be adsorbed on the catalyst surface 

leading to the formation of products which should be readily desorbed from the surface. The 

relative stability and energy for adsorption should be an intermediate value such that the reaction 

proceeds in the forward direction and the products are desorbed from the surface with relative 

ease. From figure 9 c, d it is clear that both the species are coexistent on the surface however; 

these are strongly adsorbed on the surface as even after stopping the flow of the methanol the C-

H stretching peaks from methoxy and the O-C-O stretching peaks form the formate were present 

(for the duration of measurement). Thus even though the decomposition of methanol may take 

place at 150oC the yield will be low as the catalyst is supersaturated. Upon increasing the 

temperature to 300oC the peaks due to formate adsorption shifted to lower values than at 150oC 

and appeared at 1564 and 1383 cm-1. At this temperature both the reactants and the products 
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were readily desorbed from the surface and the formate as well as methoxy peaks disappeared 

within few seconds of stopping the flow of methanol. This shows that at 300oC the relative 

stability of the reactants and products on the surface of nanoparticles is low enough to allow 

immediate desorption of products. Such an observation also hints at lower poisoning of the 

PTCT catalyst at 300oC and the complete decomposition of methanol. 

5.3 Summary 

It was shown that synthesis of the Pt modified catalysts play a very important role in determining 

the final oxidation state of platinum on the mixed oxide support. It was found that oxidized form 

of platinum showed superior catalytic performance without any hints of poisoning for 

decomposition of methanol at relatively higher rate of 3.5 mmoles/min/g of the catalyst. The 

complete conversion for Pt modified ceria titania (PTCT) in which Pt was present in both 

oxidized and reduced form was obtained at 300oC while the catalyst containing predominantly 

reduced form of platinum (PTCR) could not decompose methanol completely even upon 

increasing the temperature to 400oC. The catalytic performance improved upon calcination of the 

chemically reduced and coated platinum over ceria titania supports (PTCR-T) however, the 

barrier for catalytic transformation increased as indicated by relatively lower conversions in the 

200-300oC temperature regime and the high activation energy value. The modification of Pt 

nanoparticles from a faceted structure to spherical morphology could be one of the reasons for 

higher activation energy. In contrast the presence of oxidized form of platinum (may be at the 

surface) resulted in improvement in catalyst performance and showed complete conversion at 

400oC but demonstrated a heavy poisoning of the catalyst. The observations are consistent with 

portions of literature that have shown the relatively superior performance of oxidized form of 

platinum. The main mechanism for decomposition was found to be dehydrogenation of methanol 

and was confirmed using DRIFTS. Such a behavior could be a characteristic of the ceria titania 
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support and future investigations will be aimed at developing a general theory based on the 

catalysis behavior of the platinum coated supports over a range of reducible and non-reducible 

supports. 

5.4 Experimental details 

5.4.1 Synthesis of mixed oxides 

Ceria titania (1-5 wt%) mixed oxide was prepared by co-precipitation technique using cerium 

sulfate and titanium (III) sulfate as precursors. Stoichiometric amounts of titanium sulfate was 

mixed with cerium sulfate and diluted to a final volume of 50 mL. 1M ammonium hydroxide 

solution was added drop wise with continuous stirring to this solution and the pH of the solution 

was gradually increased to 10.0. The remaining suspension was stirred overnight to ensure 

complete hydrolysis of cerium and titanium ions. The precipitate was then filtered and the filtrate 

was treated with 30% ammonium hydroxide solution to check if any titanium and cerium ions 

were left non-hydrolyzed. The collected precipitate was washed repeatedly until the pH of the DI 

water after washing was neutral. The final powder was dried and calcined at 600oC for 3 hours. 

5.4.2 Platinum coating by wet impregnation 

120mg of ceria titania mixed oxide was dispersed in 50 mL of deionized water (18.2MΩ). 

Stoichiometric amount of hexachloro platinic acid was dissolved to yield 0.5wt% Pt on the 

mixed oxide. The solution was stirred continuously and the water was boiled off. This process 

ensures the coating of platinum ions on the surface of the oxide support. The powder was 

collected and heated at 500oC for 3hrs to obtain metallic platinum and decompose excess 

chlorine. The final powder was finely grounded and labeled as PTCT to represent Platinum 

coated on ceria titania by thermal decomposition. 
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5.4.3 Platinum coating by chemical reduction 

The chemical reduction and simultaneous coating of platinum was obtained using a previously 

established procedure [31]. Briefly, 120 mg of ceria titania was suspended in 50 mL of deionized 

water (18.2MΩ). Stoichiometric amount of hexacloro platinic acid was dissolved to yield 

0.5wt% Pt on the mixed oxide. The solution was stirred under argon atmosphere and 10mL of 

freshly prepared (0.1mg/mL) solution of sodium borohydride was added to the suspension. The 

reduction of platinum ions to metallic platinum could be observed immediately by a change (to 

black) in the color of the suspension. The suspension was stirred for 2 hours, filtered using 20 

nm alumina filter (ANODISC - 47, 0.1µm) and washed several times with excess deionized 

water to get rid of excess chlorine. The powder sample was dried at 100oC and labeled as PTCR. 

To compare the effect of thermal treatment on the oxidation state of platinum another sample 

was prepared using same conditions and was calcined at 500oC for 3 hrs. This sample was 

labeled as PTCR-T.  

5.4.4 Catalytic activity – decomposition of methanol 

The decomposition of methanol was studied using an in-house built catalytic reactor. The 

scheme of the reactor is presented in the supporting information. The catalytic reactor was 

coupled to a mass spectrometer (QIC-20, Hiden Analytical). Methanol was bubbled (using Ar as 

the carrier gas) through the catalytic reactor containing Pt coated mixed oxide support on glass 

wool. The Ar flow rate was maintained at 20 SCCM and the methanol flow rate through the 

reactor was calibrated before use. 50 mg of sample was loaded interspersed in 4 layers of glass 

wool. The temperature was varied from 125oC to 400oC in 25oC increments and the pressure was 

noted until it stabilized. The relative pressure of the gases was noted from the mass spectrometer.  
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5.4.5 In-situ diffuse reflectance infra red spectroscopy (DRIFTS)  

DRIFTS was used to study the nature of reactants and products on the surface of the catalyst 

using HARRICK reaction cell chamber. The scheme of the DRIFTS set up is presented in 

supporting information. Methanol was flown through a bubbler using Argon as the carrier gas at 

40 SCCM. The dry Pt coated mixed oxide powder was mixed with KBr and packed in the sample 

cell holder. The sample in the reaction cell was heated at 150 and 300oC and the adsorption and 

formation of various products was monitored using FTIR Spectrum One (Perkin Elmer). Time 

base software was used to record measurements at every 10 seconds for a total of 2 minutes at a 

resolution of 4 cm-1. The spectra were recorded during and after the methanol flow through the 

cell to qualitatively record the rate at which the adsorbed species are desorbed from the surface 

of the catalyst. As the methanol flow was turned off, the connection to the vacuum was also 

turned off during the collection of spectra to reduce the physical surface desorption at elevated 

temperatures. A new sample was used at each temperature under study and allowed to run in 

vacuum at the fixed temperature overnight to allow degassing and stabilization of catalyst in the 

reaction cell. Different catalysts at defined temperatures (room temperature, 150oC and 300oC) 

were used as a baseline so that the peaks corresponding to only adsorption of methanol are 

observed.  

5.4.6 High resolution transmission electron microscopy (HRTEM) 

The size and the distribution of the Pt coated on mixed oxide supports were characterized by 

HRTEM (Philips, Tecnai) operated at 300 KV with a point to point resolution of 0.2 nm. 

Samples were prepared by placing a drop of suspension of Pt coated nanoparticles in acetone 

over the holey carbon coated copper grids. The TEM grids were dried overnight in a vacuum 

dessicator before imaging. 
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5.4.7 X-ray photoelectron spectroscopy (XPS) 

XPS measurements were done using 5400 PHI ESCA spectrometer using Mg Kά as source of x-

rays operating at a power of 300 W. The base pressure during the measurements was below 10-9 

torr. Pt coated powder samples were mounted on a carbon tape for XPS analysis. The charging 

shift was calibrated with the binding energy of Carbon (1s) as a baseline. The instrument was 

calibrated prior to running samples using Gold as the standard. The peaks were deconvoluted 

using Peakfit software by assigning peaks for Pt(0), Pt(2) and Pt(4). The fitting of the peaks by 

assigning just Pt(2) or Pt(0) resulted in extremely large FWHM and thus at least three peaks 

corresponding to the three oxidation states of Pt was assigned. For comparison between different 

samples the FWHM was kept constant from sample to sample for Pt(0) and Pt(2) as 1.65 and 1.9 

while the FWHM for Pt(4) was left floating and the distance between the peaks from Pt 4f5/2 and 

4f7/2 was fixed at 3.3eV.  

5.4.8 X-ray diffraction (XRD) 

Powder XRD (Rigaku D-Max B) was recorded using Cu Kά radiation in the 2 theta range of 20-

80. The powder samples were calcined at 600oC for 3 hours to determine the phase and 

crystallinity of the mixed oxide. The equipment was calibrated using standard quartz sample. 

5.4.9  Surface area analysis 

Surface area was measured using BET sorptometer (Nova 4200, Quantachrome) using nitrogen 

physisorption. The surface area was measured for the mixed oxides sample both before and after 

coating with platinum and did not show significant difference in the surface area values. 
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6 Summary 

The current thesis described the role of local environment on tuning the physicochemical 

properties (such as optical properties, self-assembly, colloidal stability and reactivity) of oxide 

nanoparticles. It was shown that the exposed surface of nanoparticles in contact with the 

immediate environment (solid, liquid or gas) can affect its properties. The salient features of this 

thesis are: 

1. Demonstration of the effect of environment on the physical as well as chemical properties 

of nanomaterials. Specifically the shift in the optical properties of cerium oxide as a 

function of increase in concentration of non-bonding f electrons in causing the red or blue 

shift dependent upon the environment. 

2. This thesis demonstrates the one step synthesis of cerium oxide nanoparticles to extend 

its stability in a wider range of pH without interfering with their bio-catalytic activity. 

3. It shows that polymeric coatings can also play an active role on the surface by involving 

in the formation of meta stable complexes that can tune the activity of nanomaterials 

particular to the environment they interact with.  

4. This thesis demonstrates the interfacial electron transfer between solid state cerium oxide 

nanoparticles with superoxide and peroxide radicals/species present in aqueous state and 

their mediation through the surface adsorbed species. 

5. It emphasizes the importance of synthesis in tuning the catalytic performance of surface 

modified noble metal supported on oxides. It also demonstrates that the oxidation state of 

platinum coated over the surface of mixed oxides can be tailored by varying the reducing 

environment. This thesis provided an experimental evidence for the better catalytic ability 
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of platinum in its oxide form as compared to metallic platinum for decomposition of 

methanol 

 

The thesis essentially emphasizes that the properties of nanomaterials are a function of their 

surface and thus careful engineering of surfaces can be utilized to limit, perturb, react, 

influence and stabilize nanoparticles as a function of the medium. 

 

  



129 
 

7 APPENDIX – A: SELF-ASSEMBLY OF CERIUM OXIDE 

NANOSTRUCTURES IN ICE MOULDS   
7.1 Introduction 

The following chapter is a joint work of two graduate students and has been used as a part of the 

thesis by Dr. Satyanarayana Kuchibhatla in his PhD thesis “Probing and tuning the size, 

morphology, chemistry and structure of nanoscale cerium oxide”. Since this work has already 

been a part of one thesis, it is not included in the main chapters of the thesis but as an appendix 

to avoid any possible conflict or plagiarism. Author wanted to include this chapter as an 

appendix as fair amount of time and work has been dedicated to this work during the graduate 

study and that author is also the equal contribution author of the published manuscript. The 5 

main chapters of the thesis stand alone and this appendix just describes the effect of environment 

on the self assembly properties of cerium oxide nanoparticles. 

Nature epitomizes ‘self-assembly’ –living cells arranged in a myriad of complex forms and 

structures, acting as one particularly complex example. The challenge of synthesizing 

hierarchically ordered and complex structures with molecular level recognition is another 

example of a natural process that cannot yet be duplicated in the laboratory. Fundamental 

research in understanding such self-assembly of molecules has led to new strategies for 

synthesizing functional nanomaterials[1, 2]. Several nanomaterial structures, facilitated via self-

assembly, have already been demonstrated by various researchers[3-13].  Among the multitudes of 

morphologies and configurations, one dimensional nanostructures (ODNS) have received 

significant attention from researchers, owing to their potential use in new generation electronics, 

photocatalysis, sensors, and biomedical applications[7]. 

Here, we demonstrate the self-assembly and time dependant evolution of ceria nanoparticles into 

ultra-long polycrystalline ceria nanorods (length ca. 3 – 3.5 micron, diameter ca. 30 nm) simply 

This is the pre-peer reviewed version of the following article: Self Assembly of Cerium Oxide Nanostructures 
in Ice Moulds, Small 2008, Volume 4, Number 8, page 1210-1216. Full text of the article can be found 
at: http://www3.interscience.wiley.com/journal/120846928/abstract 
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by  freezing, and subsequent aging an aqueous solution containing nanoparticles. The mechanism 

we propose is effectively a natural form of templated self-assembly. Over time particles trapped 

in voids (which form in ice) gradually evolve into polycrystalline nanorods by localized oriented 

attachment of ceria nanoparticles [14-16].  

Current emphasis of research on the one dimensional nanostructures has lead to several synthetic 

strategies for synthesis of nanorods, nanowires and nanotubes. These include processes such as 

physical and chemical templating, wetting and dewetting, laser based processing, 

electrochemical etching and electrospinning etc[7]. Among these possible strategies, self-

assembly of nanoparticles in aqueous or non-aqueous solutions has become one of the preferred 

means of obtaining ODNS. Oriented attachment and anisotropic growth of nanoparticles in 

solution[17, 18] are fundamental components of the self-assembly of crystalline and polycrystalline 

nanoparticles in solution. Researchers have also used a variety of means to either inhibit or 

enhance aggregation or particle growth including the use of surface coatings[19]. Of relevance to 

the current work, Mao et. al[20] have examined the impact of thiol group to assist the ordering of 

quantum dots at low and high temperature after periods of up to 24 hours. The use of the 

surfactant and less than 24 hour time contrasts with many of the effects reported in the current 

study which involve uncoated surfaces and are not apparent for times less than several days.   

We have recently reported the synthesis of polycrystalline ceria octahedral superstructures by 

self-assembly through oriented agglomeration in both water and poly(ethylene glycol)[21]. These 

contrast with the spherical (high index planes stabilized), single crystal ceria nanoparticles 

synthesized by Feng et al[22] in a high temperature gas phase reaction. Clearly, agglomeration 

kinetics and behavior of ceria nanoparticles will change with environmental conditions. 

Motivated by this, we have studied their aging characteristics under different conditions, 
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including altering the solution environment and temperature. We have observed the evolution of 

ceria nanorods supported by the ice templates under freezing conditions. In addition to the 

formation of nanorods we also observe the formation of polyhedral superstructures, which 

appear during the freezing process (similar to those which appear during the room temperature 

aging of aqueous solutions). Because advances in molecular dynamics (MD)-based simulation 

are beginning to enable self-assembly[3, 23-25] to be modelled theoretically, we have applied  MD 

calculations to examine the dimensionally constrained aggregation process.   

7.2 Results and discussion 

In the present work, a seeding solution of ceria nanoparticles was synthesized using a simple 

water based method by oxidizing the Ce(III) precursor salt to Ce(IV) . Several 3-5 nm crystallites 

nucleate and start to agglomerate within a short time frame (Figure 7-1a). The solution 

containing ceria crystallites was subjected to sub-zero temperatures (-18o C) and aged for 

different time scales.  
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Figure 7-1: TEM images taken from frozen ceria solution (after melting) a) Immediately after the 
formation of ceria nanoparticles (10-15 nm agglomerate contains of 3-5 nm ceria nanocrystals), 
and after freezing and subsequent aging for  b) 1 day - the zigzag alignment nanoparticles  into a 
one dimensional self assembled structure is apparent c) 1 week – initial ceria nanocrystals 
agglomerated in ice structure anisotropically  to form long ceria nanorods d) 1 week-aged 
samples showing complete ceria nanorods e) 2 weeks – a long ceria nanorod (aspect ratio 1:20) 
formed  after aging in ice f) 2 weeks - a high magnification image of the ceria nanorod of figure 
7-1e showing polycrystalline nature of ceria nanorods with 3-5 nm nanocrystallites. These 3-5 
nm nanocrystallites are retained and serve as the building blocks for the formation of nanorods. 

Crystalline ceria nanoparticles agglomerate in an oriented fashion within 1 day of aging and 

result in rod type structures together with large faceted agglomerates (octahedral superstructures) 

(Figure 7-1b, SI-1). Both the superstructures and the nanorods were constituted of truncated 

octahedral building blocks of ceria nanoparticles[23]. The observation of octahedral superstructure 

within one day of aging in ice directly contrasts the time dependent evolution of nanoparticles 

into polycrystalline superstructures[21]. Subsequent aging for one week facilitated long 

polycrystalline nanorods (Figure 7-1c, 7-1d, SI-2). Retention of the initial 3-5 nm particle size, 

with predominant {111} surfaces, is observed even in the highly dense and polycrystalline ceria 



133 
 

nanorods about 40 nm in diameter (SI-2). Further aging of the nanoparticles in ice (2 weeks) 

resulted in the formation of ultra-long ceria nanorods (Figure 7-1e, 1f, SI-3a,).  

We propose simultaneous occurrence of two different processes during the freezing of ice, 

leading to the formation of nanorods along with observed octahedral superstructures. While the 

formation of octahedral superstructures occurs in the concentrated solution during the process of 

freezing, the formation of nanorods occurs in the nano-pores due confined geometry. Ishiguro et 

al [26] proved through both experimental and modeling studies that the “ice structure cannot 

accommodate foreign molecules other than water”, this results in the well known “solute 

rejection” phenomenon. This process is very well acknowledged by the metallurgical 

engineering literature for alloy solidification and zone refining kind of phenomena, where the 

progress of solidification front results in the rejection of impurity particles into the liquid phase. 

In the case of dilute ceria suspensions, as the freezing front proceeds from top to bottom, the 

ceria nanoparticles will be expelled into the water phase. This leads to a significant increase in 

concentration of nanoparticles in the unfrozen sol, followed by aggregation and kinetically 

driven octahedral morphology evolution. The higher concentration of solute ceria particles and 

the increasing pressure exerted by the ice front on the water phase results in the chemico-

physical process mentioned above. It is well known that the ice front will be porous with some 

capillaries present at the ice – water interface. The nanoparticle suspension will be absorbed into 

these channels due to pressure differences. Significantly higher concentration of nanoparticles 

results in their entrapment in these channels as the solidification continues. A somewhat similar 

process was shown for brines where high concentration of unfrozen brine solutions filledthe 

channels formed during the freezing of a brine solution[27].  
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Figure 7-2: A systematic motion of the freezing front producing nano-voids and nano- capillaries 
during solidification of ice from water. The perturbations caused by the solute particle (ceria 
nanoparticles in the present case) are assumed to be same as during the solidification of a binary 
alloy. However, the nanoparticles cause nano-level perturbations during the ice growth forming 
nano-channels in which solute particles can be trapped. Such a phenomenon is also observed 
during freezing of polar ice in which brine channels are formed (the brine channels are 
microscopic in dimension due to high concentration of salt and large size of secondary 
particles25). The rapid agglomeration of the solute which is not trapped and ejected in the 
remaining solution forms octahedral superstructure. 

The formation of nanorods is assisted by the physical structure of ice. At -18 oC under 

atmospheric pressure, ice conforms to the “Ice I” structural polymorph[28] and microstructural 

features, including nano and micro channels, evolve to accommodate the stress and expansion 

during solidification[29]. These channels, with nanometer diameters and a few microns in length, 

serve as nano-capillaries (hard templates) and the water, supersaturated with ceria nanoparticles, 

is forced into the capillary, driven by capillary forces emanating from the freezing front[30, 31]. 

The initially oriented particles are locked in the capillary under the ice pressure and undergo uni-

dimensional oriented agglomeration to form ceria nanorods. It was observed that a very dilute 



135 
 

solution and nanometer size of the particles are central to the formation of channels or 

capillaries. The perturbation, caused by nanoparticles at the ice-supercooled liquid interface 

causes channel formation as depicted in figure 7-2 (and SI-4). Ceria nanoparticles trapped in 

such nanochannels transform into nanorods with predominant {111} terminated surfaces. 

Specifically, particles trapped in long, nanochannels form the nanorods while those trapped in 

voids or wide capillaries or in the last portion of the frozen water will form octahedral 

superstructures. A schematic, depicting such morphological evolution, is presented in figure 7-3a 

and 7-3b.  

 

Figure 7-3: Schematic of the evolution of nanorods and octahedral morphology of ceria 
nanoparticles during freezing and subsequent aging. Initial seeds of ceria nanoparticles having a 
truncated octahedral geometry grow in an oriented agglomeration to form truncated octahedrons 
during the initial stages. Upon further aging the particles trapped in ice capillaries form 
nanorods, while those remaining in solution during the forward motion of the freezing front 
agglomerate as octahedrons; b) building blocks of octahedral superstructure and nanorods; it can 
be seen that the initial building block can attach via face to face or edge to edge type of 
attachment of different nanocrystals; c) Image generated by selected masking and inverse FFT of 
a high magnification image of ceria nanorods showing dislocations (circles) formed during 
orientation and self-assembly 

Once trapped inside the channels and surrounded by ice, the mobility of ceria nanoparticles is 

restricted to essentially one dimension. However, the very high surface energy of the 
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nanoparticles drives the intra – agglomerate rotation to achieve partial oriented attachment at 

two, three particle interfaces17, 18. Such orientation proceeds by incorporation of defects such as 

dislocations along the interfaces of nanoparticles as shown in figure 7-3c. The white circles 

indicate the interfacial dislocations formed during the oriented agglomeration. Both the 

formation of octahedral morphologies and nanorods involve rotation and orientation of the 

nanoparticles to facilitate low energy configurations via coherent/semi-coherent interfaces. This 

can be visualized as an imperfect attachment as described in an earlier observation with titania 

nanoparticles[17, 18]. Higher activation energies and Brownian motion etc. are required for a full 

crystal rotation or recrystallization to facilitate complete coherence and formation of single 

crystals. However, in a time limited aggregation under freezing conditions, complete rotation is 

not achieved and screw/edge dislocations form at the interface between three or more orienting 

particles (SI-5). As three or more particles align, elastic deformation results in partial coherence 

together with the evolution of screw dislocations[18]. The formation of screw dislocations is also 

predicted by our theoretical investigation and is discussed later and shown in SI-6. Upon aging, 

the mis-orientation and associated dislocations are finally annihilated resulting in energetically 

stable interfaces.  

A comparison of oriented attachment was made using the particle encounter complex (Kos)
[32] 

model, following equation 1.  
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where Nav is Avogadro’s number, VT is the total interaction energy between two spherical 

particles, h is the separation distance between the particles, k is the Boltzmann constant, and T is 

the temperature. The Kos value for ceria nanoparticles indicates a tendency to agglomerate at 
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ambient temperatures even in a low concentration solution SI-7. It is expected that with the onset 

of ice nucleation and crystallization, the pH increases to a high (acidic) indeterminate value [33]. 

Yang et al [11] suggested that oriented agglomeration at high particle concentration was possible 

only at high acidity or high alkalinity. These conditions are satisfied when the ceria nanoparticles 

reach a stage of supersaturation while migrating into the aqueous region during freezing process 

which also increases the acidity in the remaining unfrozen solution. As the freezing front 

traverses through the system, the supersaturation in the liquid region forces the nanoparticles to 

agglomerate quickly into octahedral superstructures, driven primarily by the kinetics of the 

system rather than the thermodynamics. It is evident from our analysis that the formation of such 

superstructures is complete as soon as the freezing is complete. Conversely, several days of 

aging is required to facilitate superstructures at room temperature. Nanoparticles trapped in ice 

channels agglomerate in a similar fashion via localized oriented assembly to form nanorods. 

The observation of polycrystalline nanorods under freezing conditions enlightens another side of 

oriented agglomeration, in which anisotropic self-assembly does not progress through a stage of 

amorphisation and complete reorientation to form single crystalline structures. The very low 

thermal energy during freezing and aging at -18 oC is responsible for maintaining it’s 

polycrystalline nature while the one dimensional confinement caused by channels in ice results 

in attachment of different polycrystalline particles. The role of ice as a physical template along 

with the importance of freezing rate was further investigated by subjecting the initial ceria seed 

solution to direct quenching in liquid nitrogen. During quenching under liquid-nitrogen 

environment, the total solution was frozen in 50 seconds. This extreme freezing rate does not 

allow the phenomena of freeze fractionation (solute rejection etc). It is also important to note that 

there is a fundamental difference in the freezing process when the vials are left in a “freezer” at -
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18 oC and when they are gradually immersed into the liquid nitrogen. While the freezing front 

proceeds from top to bottom and the capillary phenomena occur in the former case, the same are 

not feasible in the latter.  Hence, the nanoparticles are trapped as is at random positions and thus 

we have not observed significant differences between as synthesized particles and those frozen in 

liquid N2 (i.e. octahedral superstructures were also not observed, SI-8). On the other hand, aging 

of ceria nanoparticles solution at 2-3 oC for 2 weeks resulted in formation of faceted 

agglomerated nanoparticles [SI-8]. The absence of nanorods from the unfrozen solution suggests 

that templating effect of ice is required for synthesis of nanorods. 

Whitesides et al[1] have proposed the ‘ground rules’ for the self-assembly of basic building 

blocks as the ease to attain equilibrium between aggregated and non-aggregated states or to 

adjust their position relative to one another once in an aggregate. While the latter seems to 

happen in the formation of nanorods under the influence of capillary pressure, morphological 

evolution within the time frame of freezing reflects the tendency of {111} terminated ceria 

nanoparticles, to assemble even under fast kinetic conditions. This kind of process has very 

important and broad implications in establishing the self -assembly mechanism in ceria 

nanoparticles as the morphology appears within a very short time frame. This also suggests that 

the total time to achieve morphologically stable equilibrium conditions is very short in the case 

of ceria nanoparticles, or the morphology can be achieved despite quenching the equilibrium 

conditions. This phenomenon could be unique to the fluorite structure of ceria nanoparticles. The 

most interesting part of the present nanorod formation is the evolution of longer nanorods (up to 

3.5 micron long) with time (aging under ice) which proves the dynamic nature of self-assembly 

in static ice templates. It can be observed directly from SI-9 that the zigzag attachment of ceria 

nanoparticles through {111} planes occur within 1 day of aging at -18 oC. A strong evidence of 
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oriented attachment is observed from the FFT pattern as shown in SI-9, which indicates 

preferential attachment of planes instead of random aggregation of nanoparticles. 

 

Figure 7-4: Results from MD simulation of self-assembly of nanorods and octahedral 
superstructure: Atom positions comprising the CeO2 nanostructures. (a) Starting configuration 
comprising CeO2 nanoparticles placed equally spaced into a simulation box a 2×2×2 supercell is 
shown; (b) configurational energy, calculated as a function of time; (c) structure of a 
chain/nanorod comprising CeO2 nanocrystals. Top: after 300 ps of MD simulation. The arrows 
indicate the trajectory followed by the blue and green nanoparticles as they attach themselves to 
one another; bottom: after 1500 ps showing the attached configuration; (d) view showing the 
epitaxy between the nanoparticles attached at {111} surfaces; (e) close packed structure 
comprising CeO2 nanocrystals (which corresponds to figure 3b). Cerium is colored to help 
visualize the individual CeO2 nanocrystal secondary building units. 

Mao et al[20] have systematically studied the synthesis of variously aggregated quantum dots at 

low and high temperatures. It was reported that the anisotropy at low temperature arises due to 

the templating effect of the thiol groups and may produce spherically aggregated structures at 
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even lower temperatures. However the study was limited to 24 hrs of freezing and templating 

effect of ice was not considered. Synthesis of fibrous and layered sheets of composites exploiting 

the ‘physics of ice formation’ was demonstrated recently[29].  

As evident from most of the existing literature and from the work quoted above, often the 

researchers have confined to complicated surfactant mediated assembly and high temperature 

routes for producing the 1-D nanostructures. We found interesting differences and similarities 

between Mao et al.’s work and our study. Mao et al have confined their studies to just 24 hrs and 

reported some intermediate meta-stable structures at sub-zero temperatures. In the present work, 

we have continued the aging treatment up to several days and proposed a possible mechanism of 

nanostructure assembly in the ice molds. Based on the present work, we believe that the long 

term aging study on the nanoparticles is central to our success in obtaining the 1-d, 3-d 

assemblies. If applied to other systems, the long term aging studies might reveal various exciting 

features in other nanomaterial systems.  

In the present study, we have successfully exploited the physico-chemical processes happening 

during and after the freezing of ceria nanoparticle sols to mold one-dimensional nanorods (30 nm 

diameter) and three-dimensional superstructures. This is a first step in using ice moulds to direct 

the self-assembly of nanoparticles into different shapes, sizes and assemblages. Aforementioned 

observations are also validated with the help of MD simulations as discussed below.  

To assist understanding the impact of constrained geometry on oriented aggregation, we have 

used molecular dynamics (MD) to simulate nanoparticle self-assembly. Specifically, we explored 

agglomeration constrained in one and three dimensions, which led to models of chains/nanorods 

and octahedral superstructures, respectively. The simulation code and potential models have 

been described previously in reference 3. To facilitate one-dimensional agglomeration, 
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amorphous/molten CeO2 nanoparticles, each comprising 6144 atoms and about 5 nm in diameter, 

were positioned equally spaced, within a cubic simulation cell box 13nm in size, fig. 7-4(a). 

Each simulation cell comprised four nanoparticles. Constant volume MD simulation was applied 

to the system for 6800 ps at 3200 K. The high temperature accelerates the dynamical simulation 

such that the crystallisation and aggregation are complete within the (small) timescale of the 

simulation. The simulations revealed attractive forces acting between neighboring 

amorphous/molten nanoparticles. Accordingly, under the MD simulation, the nanoparticles 

started to move closer to one another and started to crystallize. Specifically, nucleating seeds 

spontaneously evolved within the nanoparticles facilitating their crystallisation. The resulting 

nanocrystal morphologies comprised {111} octahedra with the sharp corners truncated by {100} 

in accord with the experiment. Once crystalline, the nanoparticles continued to be attractive 

towards one another. 

The configurational energy of the system (Fig. 7-4b) was calculated as a function of time. The 

first 300 ps of time is associated with a steep gradient and reflects, in part, the crystallization of 

the nanoparticles. The energy difference between the start of the simulation, where all the 

nanoparticles are amorphous, and fully crystalline nanoparticles, is loosely associated with the 

heat of crystallization. After 300 ps, the nanoparticles have already aggregated together forming 

part of a chain, fig. 4(c). During the next 1200 ps, fig. 4(b), point A to point B, two nanoparticles 

(green and blue, fig 7-4(c)) attach themselves to one another via {111} surfaces; a plan view of 

the epitaxy between the two nanoparticles is shown in fig. 7-4(d). The attachment energy can be 

determined as the energy difference between point A and point B, fig 4(b). A movie showing the 

attachment is available as supporting information SI-10. As the MD proceeds, the energy 

continues to reduce reflecting annealing conditions. This may include, for example, surface 
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relaxation, rotation of the nanoparticles to facilitate a better fit, annealing out of dislocations etc. 

An illustration is shown in supporting information SI-6 in which a screw dislocation anneals out 

and facilitates coherent matching between the atomic planes of two attached CeO2 nanoparticles. 

We also modeled a three dimensional aggregation of {111}-terminated ceria nanoparticles, 

which form a close packed octahedral structure as shown in figure 7-4e (SI-11a). 

Our simulations, where we simulate the self-assembly directly, predict that when the system is 

constrained in one-dimension (modeling the reduced dimensionality of the ice cavities), the ceria 

nanoparticles attach via {111} faces resulting in a ‘zigzag’ structure of the nanorod, fig. 7-4(c); 

rather than, for example, a parallel chain via attachment of {110}. Clearly, random ‘zigzag’ 

attachment would not facilitate a linear chain. However, the constraining influence of the ice 

mold forces nanorod evolution. By simulating self-assembly dynamically, similar to experiment, 

the models derived are metastable and do not represent thermodynamically the lowest energy 

structures. Accordingly, after attachment, the nanoparticles (attempt to) rotate to improve the 

epitaxy and area of coherence. We also observe from the simulations that once attached, the 

translational and rotational degrees of freedom for the individual nanocrystals are reduced and 

therefore optimum attachment (thermodynamic) is difficult to attain. We note that the atomistic 

model of the nanorod/chain, figure 7-4(c), can be used to help describe and understand the 

observed structure, figure 1b, which is the 1-day old sample. During prolonged aging, the ice 

becomes harder and denser and will impose high localized pressure upon the chain within the 

ice-mold. Accordingly, we performed MD simulations on the chain under 0.1 - 0.5 GPa pressure. 

The animations of the simulation revealed that the nanocrystals reorient and pack tighter 

together. In contrast, when we do not constrain the nanocrystals to one-dimension 

(unconstrained) the resulting (kinetically driven) models are three-dimensional, fig. 7-4(e). A 
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more detailed description of the three dimensional geometry of the superstructures is provided in 

SI -11(b) and was found to retain their nanocrystal identity upon rearrangement giving rise to 

polycrystalline superstructures.  

7.3 Summary 

In this manuscript, we have shown that a natural phenomena such as the structural formation of 

ice can architecturally sculpt 1-D ceria nanostructures. MD simulations confirm that the type of  

morphology evolution observed for the ceria nanostructures can be driven by the dimensional 

constraints. The long term aging studies on nanoparticles in various conditions possibly suggest 

new and environment friendly (green) approaches for directing the self-assembly of 

nanostructures. While much has been learned from various resources of nature, harnessing the 

use of ice as tool to self assemble nanomaterials should be explored further. By altering freezing 

rates, initial particle concentration, and aging temperature, it should be possible to use these 

processes and changes in ice structures to sculpt desirable nanostructures comprising 

nanoparticle building blocks. Clearly, water/ice environments are pivotal to the natural world and 

its evolution. Understanding and controlling the behaviour of ceria nanoparticles in such 

environments, as we have done here, is a first step to facilitate future advances spanning, for 

example, nanofluidics to nano-bio applications [34]. 

7.4 Materials and methods 

Stoichiometric amounts of cerium nitrate (III) hexahydrate (Sigma-Aldrich) were dissolved in 

deionized water (18.2 MΩ) and 20% PEG (600 MW. from Sigma-Aldrich) + DI water mixtures. 

This solution was then oxidized using hydrogen peroxide (30% w/w Sigma Aldrich) to form the 

ceria nanoparticles. Vials containing 15 ml of the solution were stored at 2-3 oC and another set 

was frozen in a laboratory chemical freezer. For fast freezing another set of vials containing 

solution were immersed directly in liquid nitrogen at a rate of 10 mm/sec. The solution freezes 
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instantaneously upon immersion in the liquid nitrogen. Thus the rate of propagation of solid front 

can be taken as 10 mm/sec. 
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7.6 Supporting information 

7.6.1 Transmission electron micrograph of one day aged nanoceria in ice 

 

SI 1: TEM images from one day aged frozen solution of ceria a) Image shows ceria nanoparticles 

with small and large agglomerates (inset electron diffraction confirming the fluorite structure of 

ceria; also one can see truncated morphology of agglomerating nanoparticles which is usually 

observed upon controlled ageing) b) Particles orienting together and agglomerating in 

anisotropic way to give  oriented agglomeration. 
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7.6.2 TEM images of 1 week aged nanoceria in ice 

 

SI 2: TEM images of one week-aged frozen solution of ceria. a) bunch of ceria nanorods with 

some octahedral structures (SAED in the inset confirms the fluorite structure of the rods and 

particles) b) the dense packing of individual 3-5 nm ceria nanoparticles making up the nanorods 

c) TEM image showing the superstructure assembly of ceria octahedra along with nanorod (inset 

shows the star shape morphology of the superoctahedral ceria) 
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7.6.3 TEM image of 2 weeks aged nanoceria 

 

SI 3: TEM image of ceria nanorods taken from three weeks aged frozen solution of ceria. a) 

confirms high density of long ceria nanorods and octahedral arrangement of agglomerated 

nanoparticles after 2 weeks of aging b) 3.5 micron long nanorod of ceria  (inset shows the 

diameter  as 40 nm) c) EDX spectrum collected on a spot at the nanorod showing the signals 

from cerium and oxygen. 
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7.6.4 Mechanism of trapping of nanoparticles in ice channels 

 

SI-4 Schematic of the process of freezing and entrapment of particles in the ice channels as the 

liquid moves out of the capillary during the progress of the ice front. The schematic tries to 

simulate a real situation during the freezing as the ice front progresses from top to bottom. The 

particles are sucked into the channels along with water into the nano channels and are trapped 

inside the channels as the water freezes and/or drives out of the channels. 
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7.6.5 HRTEM image showing oriented attachment of nanoparticles 

 

SI 5: HRTEM image of orientation attachment of ceria nanoparticles. Arrows indicate the 

presence of dislocations at interface during the orientation of two {111} surface terminated ceria 

nanoparticles. A semi-coherent interface is formed with dislocations which get annihilated over a 

period of time with aging (SI 6). 
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7.6.6 Atomistic structure of a screw dislocation 

 

SI 6: (a) Snapshot of part of the simulation cell taken after 990 ps of MD simulation showing 

two ceria nanoparticles (green and yellow); a third (blue) is partially visible. Within the green 

nanoparticle, a screw dislocation has evolved. The arrow indicates the position of the core 

region, which resides at the center of the nanoparticle and traverses its entire diameter. (b) After 

6800 ps, the screw dislocation can be seen to have annealed out. 
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7.6.7 Calculation of aggregation constant 

SI-7: Kos was calculated using the supporting equations for the total interaction energy VT  
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It must be noted that the estimation of Kos assumes a spherical shape of the nanoparticles 

a homogenous distribution of surface charge over the particle surface. For ceria 

nanoparticles in a 30 mM solution using a surface potential value of 30 mV, a room 

temperature value of 298 K, particle size of 5 nm, and obtaining other values from 

reference (31) the stability constant was found on the order of 10-3. It must be noted that 

value of Kos obtained is for ceria nanoparticles in solution at room temperature and not 

for rapidly changing conditions during the freezing of ice. 

  



155 
 

7.6.8 TEM images of nanoparticles under different freezing conditions 

 

 

SI 8: Ceria nanoparticles formed in ice (fast freezing) after 2 weeks of aging a) well dispersed 

nanoparticles which does not show any anisotropic behavior b) high magnification images of 

ceria nanoparticles showing the individual 3-5 nm ceria nanoparticles c) truncated octahedron in 

refrigerated (2-3oC) nanoceria after 3 weeks of aging. 
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7.6.9 High magnification TEM image of 1 day aged nanoparticles 

 

 

SI 9: High magnification TEM image from one day aged solution of ceria nanoparticles in ice a) 

shows the zigzag oriented attachment of nanoparticles b) the FFT pattern of figure (a) shows 

preferred orientation (texture) of {111} planes in during the evolution of nanorods from ceria 

nanoparticles. 

  



157 
 

7.6.10 Theoretical details 

SI 11a) To facilitate three-dimensional agglomeration, crystalline {111} terminated CeO2 nanoparticles, 

8 nm in diameter, (models generated previously, see reference 13) were positioned, equally spaced, within 

a simulation box 13.5 x 13.5 x13.5 nm. Constant pressure MD was then applied to this system at -18 oC 

for 350 ps. Constant pressure enables the size of the simulation cell to change and therefore the 

nanoparticles can compact close together, driven by their attraction to one another. Here the nanoparticles 

agglomerated and attached via {111} surfaces to form a close packed structure, fig 4e. 

 

SI 11b) When we do not constrain the nanocrystals to one-dimension (unconstrained) the resulting 

(kinetically driven) models are three-dimensional, fig. 4(e). However, in contrast to the 1D chain, the 

CeO2 nanocrystals comprising the 3D superlattice are tightly bound to twelve nearest neighbors. 

Accordingly, the degrees of freedom are very much reduced and the activation energy associated with any 

movement of one nanocrystal (to improve, for example, epitaxy or coherence) is so high as to prevent 

rearrangement. Thus the initial agglomeration (kinetically driven) gets locked into the structure and any 

extended periods of simulated annealing have little influence upon structural rearrangement. The 

simulation thus provides model atom positions for the schematics shown in fig. 3b. We note that the CeO2 

nanocrystals in the close-packed structure are not space filling, rather the nanocrystals occupy 73% of the 

space (calculated using solvent surface of 1.4 Å; Ce4+=0.92 Å, O2-= 1.32 Å). We also performed 

simulations at 20 GPa pressure and found that the nanocrystals do not agglomerate into the bulk parent 

material; rather the nanocrystals retain their individual identity, while becoming more space filling. 
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8 APPENDIX B – APPLICATION OF NANOCERIA IN PREVENTING 

TUMOR STROMA INTERACTION 
8.1 Summary of work 

The dextran coated nanoparticles prepared in chapter 3 was tested to prevent the tumor stroma interaction 

of migrating tumor cells. This work is currently under development and has shown that dextran coated 

nanoceria can prevent the tumor stroma interaction in tumor cells. To verify and track the movement of 

nanoparticles inside the tumor cells the dextran coated nanoparticles were conjugated to fluorescent tag 

(Fluorescein Isothiocyanatae - FITC) using wet chemical procedure. Briefly, FITC was tagged to CNPs 

coated with dextran. The dextran was oxidized with 10mM sodium periodate which causes the cleavage 

of C3 and C4 carbon and simultaneous oxidation. This oxidation step was followed by extensive dialysis 

against deionized water for purification of the oxidized dextran. The oxidation of dextran coated on 

nanoparticles was confirmed by FTIR by the presence of C=O stretch at 1721cm-1. The FITC was then 

conjugated to CNPs using reductive amination in carbonate bicarbonate buffer (pH 8.0-9.0) and sodium 

cyanoborohydride as reducing agent. The final product was then dialyzed extensively followed by 

evaporation and resuspension of conjugated nanoparticles in deionized water by ultrasonication. The 

nanoparticle suspension was then washed several times followed by separation from free dye molecule 

using ultracentrifuge. After repeated washing the filtrate was no longer colored. 

The presence of the dye was confirmed by the characteristic absorbance of absorbance of dye at 575nm. 

The FITC coated nanoparticles were then subjected to cellular uptake in two different cell lines and the 

cells could be visualized (not shown). The confocal microscopy showed that the nanoparticles can be 

viewed under excitation by 485nm laser and was used successfully for cellular imaging. 
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8-1  a) Fluorescent images showing the presence of nanoparticles attached to fluorescent tag 
(FITC – fluorescein isothicyanate) ex-situ image b) Absorption emission spectra of FITC 
conjugated nanoceria demonstrating teh absorbance of both nanoparticles and dye molecule as 
well as emission from the dye. 

The prevention of tumor stroma interaction by dextran coated nanoceria particles were studied 

by standard invasion assay, western blotting and 3-D scaffold model (contaction assay). 

Nanoceria was found to supress the tumor pregression by reducing teh invasive capacity of 

tumor cells. It is known that the during the tumor invasion, reactive oxygen species, especially 

superoxide are involved in mesenchymal-mesenchymal transition of the fibroblast cells to 

myofibroblasts. This interaction is typicallly known as tumor stroma interaction and determines 

the invasive capacity of the tumor cells. It was found that nanoceria prepared in dextran could 

scavenge the superoxide species and thus reduced the invasive capacity of the tumor cells and 

prevented the conversion of fibroblast cells to myfibroblasts. In addition dextran based nanoceria 

was also found to kill the tumor cells thereby performing a dual function of protection of healthy 

mesenchymal cells from invasion and killing of tumor cells. 
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9 APPENDIX C - RARE EARTH OXIDES AS NANOADDITIVES IN 

NOVEL 3-D NANOCOMPOSITE SCAFFOLDS FOR BONE 

REGENERATION 

 

9.1 Summary of work 

In this work tailor made rare earth oxide (i.e nanoceria) additives were demonstrated to enhance 

the production of collagen by HMSCs (Human Mesenchymal Stem Cells) cultured on porous 

bioactive glass (nanocomposite) scaffolds. The addition of osteogenic supplements was not 

needed for this to occur. Two different preparations of nano cerium oxide were successfully 

incorporated in 3-D bioactive glass foam scaffolds and were compared with bioactive scaffolds 

without nanoceria. Preliminary investigations showed that nanoceria is non-toxic to the cells. 

HMSCs were cultured with and without osteogenic supplements, namely ascorbic acid, 

dexamethasone and β-glycerophosphate. After 10 days of culture, nanoceria containing scaffolds 

showed enhanced osteoblastic differentiation of HMSCs and collagen production compared to 

the scaffolds without nanoceria even in the absence of any osteogenic supplements. The 

incorporation of nanoceria may be speculated to control the molecular oxygen thereby regulating 

the differentiation of HMSCs.  

It was shown that the cerium oxide nanoparticles can increase the production of collagen by the 

HMSCs cultured on the porous bioactive glass scaffolds. This enhancement was a function of the 

synthesis conditions and medium of nanoparticles as the water based nanoparticles enhanced 

while the dextran based CNPs reduced the production of collagen. The results were consistent in 

presence and absence of osteogenic supplements. Both the preparations (bare and dextran 

coated) were non-toxic to cells and the water based samples showed enhanced osteoblastic 

differentiation of HMSCs and collagen formation after 10 days of cell culture. Preliminary 
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investigations ascribe this behaviour to the differences in the initial oxidation state of 

nanoparticles. The changes that may have occurred during the calcination of the nanoparticles 

with the bioactive glass are not clear at present and will be a focus of future investigations. 

 

Figure 9-1 High resolution transmission electron micrographs of nanoceria prepared in a) dextran 
b) high magnification image of nanoceria in dextran c) water d) high magnification image of 
nanoceria in water. Inset depicts the polycrystalline nature of as prepared nanoceria. Individual 
particle size of 3-5nm is evident from high magnification images while the agglomerate size 
varies from 5-15 nm. 
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The nanoparticles were synthesized using wet chemical synthesis as described in chapter 3. Bare 

cerium oxide nanoparticles were compared for activity against the dextran coated nanoparticles. 

It can be observed from figure 9.1 that the dextran coated nanoparticles were highly dispersed 

and smaller in size as compared to the bare nanoparticles which were slightly more 

agglomerated. However the oxidation state of cerium in the two preparations was different as 

observed from spectrum from x-ray photoelectron spectroscopy shown in figure 9.2.  

 

Figure 9-2: X-ray photoelectron spectra of nanoceria in water and dextran. The characteristic 
peaks at 885.0 and 903.5 eV correspond to cerium in 3+ oxidation state while  peaks at 882.1, 
898.0, 900.9 and 916.4 eV correspond to cerium in 4+ oxidation state shows that nanoceria 
synthesized in water has higher Ce3+ oxidation state as compared to ceria in dextran 
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The reversible switching of oxidation states of nanoceria upon addition of hydrogen peroxide 

was also tested and monitored using UV-Visible spectrophotometry. It can be observed from 

figure 9.3 that the nanoceria synthesized in water regenerates the Ce3+ oxidation state within 7-

10 days while the nanoceria synthesized in dextran takes more than 21 days to regenerate the 

oxidation state. This indicates that the reversibility of oxidation state is more easily achieved in 

water than in dextran and thus it is expected that nanoceria in water may exhibit better radical 

scavenging properties than nanoceria in dextran.  

 

Figure 9-3 UV-Visible spectra of nanoceria synthesized in water and dextran. The graph shows 
the shift in oxidation state of cerium from 3+ oxidation state to 4+ in case of water based 
nanoceria while in dextran the oxidation state shifts to predominantly 4+ oxidation state within 7 
days . The predominant oxidation state in dextran based sample is Ce4+ indicating that water 
based sample has more reduced nanoceria than the dextran based sample 

It was shown previously that the superoxide dismutase activity of nanoceria is proportional to the 

concentration of Ce3+ ions. During the synthesis of scaffolds both the preparations of nanoceria 
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were subjected to calcination after the incorporation of nanoceria in the scaffolds. This heat 

treatment can change the oxidation state of material drastically as compared to its native 

oxidation state in water. However, since the ceria in dextran showed low concentration of Ce3+ 

oxidation state to begin with, it is possible that it retained low concentration of Ce3+ post heat 

treatment. On the other hand the ceria synthesized in water may have retained slightly higher 

Ce3+ oxidation state upon calcination due to significantly higher concentration of Ce3+ to begin 

with. This could also explain the difference between the activity of ceria preparation in dextran 

and in water and could also be the reason that the ceria preparation did not produce a dramatic 

influence on the synthesis of collagen. Future studies will be aimed at the incorporation of 

nanoceria in the scaffold after the heat treatment of the scaffold to avoid the oxidation of reduced 

form of nanoceria.  

Apart from reversibility of oxidation state, the role of oxygen vacancies have been debated as 

one of the prime factors involved in ability of nanoceria to act as a catalyst in either biological or 

materials world. The molecular level understanding of the mechanism of antioxidant behaviour 

of nanoceria is not achieved in case of biological application. However, based on unique 

observations pertaining to the role of oxygen vacancies in application such as catalysis (water 

gas shift, CO oxidation etc) one can assume that the oxygen vacancies can play a crucial role in 

imparting nanoceria its potent antioxidant properties.  It was shown theoretically that superoxide 

radicals are immediately converted to peroxide on the surface of reduced cerium oxide and in 

turn oxidize the cerium to Ce4+ oxidation state. The peroxide molecule is attached to surface 

more strongly than the molecular oxygen. Thus by scavenging radicals or adsorbing oxygen 

species on its surface nanoceria can regulate molecular oxygen available to cells. It is known that 

the level of oxygen is very crucial for growth and proliferation of cells especially HMSCs and 
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suggests that the increased osteoblastic differentiation observed in case of nanoceria may involve 

a control of molecular oxygen level by changing the partial pressure of oxygen available to cells. 

This suggests that the increase in collagen production by nanoceria may involve a co-relation of 

the surface oxygen vacancies which can regulate the oxygen partial pressure in culture medium. 

Further understanding of this mechanism will be a subject of future studies and require a 

multitude of controlled experiments. 
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