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Introduction  

Nanomaterials, nanoscience, and nanotechnology have become common words in academia and 

normal life. The prefix ñnanoò is derived from the Greek word ñnanosò, meaning ñvery short manò,1 

and in this context it is used to indicate particles and/or structures formed by particles with at least a 

dimension between 1 and 100 nm.2 

The terms nanoscience and nanotechnology are closely associated and often confused. However, the 

difference is substantial. Nanoscience is the field that involves the study of the behavior and related 

questions of materials at the nanoscale and thus determines relevant laws and theoretical explanations. 

On the other hand, nanotechnology utilizes nanoscience knowledge to create structures, devices, and 

systems with novel properties and functions.3  

In the last 50 years, researchers have been extensively studying how to exploit nanoparticles and 

nanostructured materials in different fields. Anyway, this is such a vast and varied area that 

comprehension of properties and applications is far to be complete. In truth, nanoscience constitutes 

the meeting point of different disciplines, ranging from quantum physics to supramolecular 

chemistry, material science to biology, from medicine to agri-food. 

To understand and appreciate the diversity of nanomaterials (NMs), just think that the synthesis 

method, the size, or the composition are different types of classifications. Considering the synthesis 

method, NMs can be divided into those prepared through a bottom-up or a top-down approach (Figure 

1). In the first case, synthesis occurs through chemical reactions under controlled conditions starting 

with ions, atoms, and molecules. In the second case, and vice versa, it starts with a bulk material 

crushed/broken by mechanical actions.4 

 

 

Figure 1. Bottom-up and Top-down approaches.  
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Based on the dimension, NMs are classified as (Figure 2):5 

¶ Zero-dimensional (0D): NMs that have nanoscale dimensions in all directions, e.g., 

nanoparticles; 

¶ One-dimensional (1D): NMs that have non-nanoscale dimensions in a single direction, e.g., 

nanorods; 

¶ Two-dimensional (2D): NMs that possess two dimensions having non-nanometric size range, 

e.g., nanosheets; 

¶ Three-dimensional (3D): NMs that contain non-nanoscale features in any three dimensions, 

e.g., nanoflowers.  

 

 

Figure 2. Schematic representation of 0D, 1D, 2D, 3D nanomaterials. 

 

Finally, considering the composition, NMs are organized into four main classes (Figure 3):1 

Á Carbon, e.g., fullerene, carbon nanotubes, graphite, carbon dots;  

Á Organic, e.g., liposomes, dendrimers, polymeric nanoparticles; 

Á Inorganic, e.g., metal, metal oxide, ceramic; 

Á Composite, a combination of two or more different materials to blend the best properties of 

both. 

 

 

Figure 3. Examples of Carbon (carbon nanotube), Organic (liposome), Inorganic (metal 

nanoparticle), and Composite-based nanomaterials.  

 

Among the different classes of NMs, in this thesis, it was decided to turn attention to metal oxide 

nanoparticles, obtained through a bottom-up approach. This choice was supported by their huge 
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technological impact in different fields such as catalysis, photovoltaic, and electronic, but also 

cosmetic, medical, and agricultural.6 This is because it is relatively simple and economic to modify 

the properties of these nanoparticles by changing their crystalline structure. It is also possible to 

change the electrochemical characteristics because of quantum confinement and the surface 

properties, which affect the conductivity and chemical activity of metal oxide nanoparticles.7  

Among the various metal oxides, the choice fell on cerium oxide (CeO2) and zinc oxide (ZnO) 

nanoparticles. 

Cerium oxide nanoparticles (CeO2 NPs) have a wide number of applications, the most common being 

as catalysts, polishing agents, and gas sensors, but also as an anti-cancer, antioxidant, and antibacterial 

agents.8ï14 The ability of CeO2 NPs to modify their oxidation state by maintaining structural integrity 

is the key to their large use.15 

Similarly, zinc oxide nanoparticles (ZnO NPs) are widely used in many fields. For example, they are 

used in the rubber industry as fillers, in the pharmaceutical and cosmetic industry as components of 

sunscreens and toothpastes, in the energy industry as components of solar cells, and in the medical 

and food industry and packaging, as antibacterial agents.16ï18 The presence of zinc as a trace element 

in the muscles, bones, skin, and tissue of the teeth justifies this extensive use,18 as well as the higher 

thermal stability, toughness, and durability of ZnO NPs with respect to other oxides, like those of 

titanium (TiO2), tungsten (WO3), silicon (SiO2), and iron (Fe2O3).
17 

In this work, we want to understand how changing the inter- and intra-particle structure is possible to 

amplify the intrinsic properties of NPs and thus expand their fields of application. CeO2 NPs were 

employed for a fundamental chemico-physical study, while ZnO NPs were examined for their 

possible technological application. 

CeO2 NPs (Section A) have been synthesized, varying synthesis temperature and capping agent, to 

study how the synthesis conditions could influence their physico-chemical properties. Capping agent 

is an amphiphilic molecule capable of modulating the shape and size of NPs in the synthesis phase, 

and thus varying the properties of the final NMs. In this Ph.D. work, the effect of the length of alkyl 

chain of primary amines was investigated, using octylamine (C8), decylamine (C10), dodecylamine 

(C12), hexadecylmaine (C16), and oleylamine (C18), and performing the synthesis through the 

thermal decomposition method at three different temperatures, 150, 200, and 250 °C. Studied the 

properties of coated CeO2 NPs, in terms of crystallinity, composition, size, shape, and 

photoluminescence, self-assembly was induced by functionalizing coated NPs with oleic acid (OA) 

or sodium oleate (NaOA). Functionalization with NaOA has led to the formation of disordered 
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aggregates of coated CeO2 NPs stable in water, while OA induced the formation of ordered 

superlattices, with structures ranging from simple face centered cubic (FCC) to the more complex 

pseudo hexagonal, known as C14 Frank-Kasper (C14 FK) phase. Finally, it was observed that an 

ordered superlattice of coated CeO2 NPs amplifies by about 400% the intensity of photoluminescence 

compared to disordered aggregates of the same NPs.  

On the other hand, in the case of ZnO NPs (Section B), the effect of several concentrations of a doping 

agent (from 0 to 20 % at) on the fluorescence properties was assessed, to implement this property to 

use the ZnO NPs as an optical transducer in the design of an aptasensor. In this work, the doping 

agent chosen was fluorine (F), capable of introducing itself in defects naturally present in the 

crystalline structure of ZnO NPs, increasing the fluorescence intensity without changing their other 

physico-chemical properties. The extensive physico-chemical characterization performed on the 

various synthesized F-doped ZnO NPs has determined that only 1% at at F concentration is required 

to have a relative quantum yield of the NMs of about 22%. Thus, chosen the best F-doped ZnO NPs, 

in terms of optical properties, a protocol for obtaining a nanostructured film capable of acting as an 

optical transducer has been developed. For this purpose, two types of solid support, silicon and glass, 

various concentrations of ZnO NPs suspension, from 0.5 to 36 mg mL-1, and different rotational 

speeds, from 1000 to 4000 rpm were tested. Finally, deposition protocol of a synthesized aptamer, 

named LA27, was defined and the release kinetics of the biomolecule from the nanostructured film 

was evaluated.  
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Section A  

Coated CeO2 superstructures 
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Self-assembly  

 

 

 

 

 

 

 

 

 

 

 

 



7 

 

1.1 Self-assembly 

The controlled clustering of nanoparticle (NP) building blocks into defined geometric arrangements 

is emerging as a distinguishing feature of new soft materials with distinctive physico-chemical 

properties.19 Clusters of NPs with a regular spatial arrangement are usually indicated with the term 

ñsuperlatticeò,20 and not only allow properties of individual NPs to be combined, but also take 

advantage of the interaction between neighboring NPs, which can result in new properties not present 

in the original constituents.21,22  

The scientific interest in the organization of NPs in ordered secondary structures resides in the ability 

of natural and synthetic elements to spontaneously form such structures. Just think of the ice crystals, 

the geometry of some plants, the hexagonal structure of bee nests (Figure 1.1); or even, the lamellar 

structures of polymers or the different structures that surfactants can form. 

 

 

Figure 1.1. Images of ice crystals (A), plant (B), and honeycomb structure (C). 

 

Indeed, in many soft matter systems, ordered structures are observed. The structural units can be very 

different in nature: atoms, micelles, soft inorganic nanoparticles, and foams, but their shapes are 

always close to spherical.23ï25  

Despite progress, obtaining ordered 3D structures using NPs as building blocks is still difficult. Both 

because it is difficult to synthesize monodisperse spherical NPs, and because other factors, such as 

size, presence of organic coating, attractive and repulsive energies between NPs, between NPs and 

organic coating, and between NPs and environment, can affect the subsequent self-assembly.22,26,27 

Normally, two general procedures can be followed to form a regular spatial arrangement of a self-

assembled cluster in suspension: i) a one-step ñin situò approach, in which NPs are synthesized and 

assembled within the same process; ii)  a two-step approach, in which the NPs are synthesized and 
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then the self-assembly is induced, like the emulsion process. The latter procedure has more 

advantages than the former one, because NPs of the highest quality, in terms of size, shape, 

crystallinity, and polydispersity, can be used.22 Generally, these procedures are favored by the 

presence of an organic coating on the NP surface. This organic shell plays a fundamental role in 

obtaining the superlattice of inorganic NPs.28 

 

1.1.1 Energy involved in the self-assembly 

The self-assembly of coated NPs into superlattices is dominated by colloidal interactions between 

NPs and between NPs and the environment. However, for the formation of an ordered aggregate, the 

effect of kinetic barriers in the process of forming these structures must be considered. If the potential 

interaction is greater than 10kT, the aggregation will be rapid, and the aggregate will be disordered. 

Conversely, if the potential is about 2-3kT, you can have some repeatability in the bond between the 

NPs and then the aggregate can be ordered.22 This means that understanding the energies that drive 

the self-assembly process will allow to control it. 

The theory that describes the total interaction potential between NPs is called Extended Derjaguin-

Landau-Verwey-Overbeek theory (XDLVO): it decomposes the total interaction potential into the 

sum of several contributions, van der Waals ū
vdW

, electrostatic ū
elec

, hydrophobic ū
hydro

, and 

elastic ū
elas

 (equation 1.1):22,29 

ū =ū +ū +ū +ūtot vdW elec hydro elas
                                  (1.1) 

In the case of magnetic NPs, a magnetic contribution must be added to the above sum.  

Van der Waals interactions ū
vdW

 (equation 1.2) range from interatomic spacings (about 0.2 nm) up 

to large distances (greater than 10 nm),30 due to instantaneous fluctuations in the electron density and 

thus somehow connected to the polarizability of the material (Figure 1.2). 31ï37 In the case of NPs an 

equation accounting for the van der Waals interactions was proposed by Stolarcyk et al.. Such 

equation is a function of the distance between two NPs, and depends on the radius of the individual 

NP, as described in equation 1.2:22 

2 2 2 2A 2r 2r d - 4r
ū (d)=- + +ln

vdW 2 2 2 26 d - 4r d d

è øå õ
é ùæ ö

æ öé ù
ç ÷ê ú

                                   (1.2) 
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where d is the center-center distance between two NPs, A is the Hamaker constant (it depends on the 

interaction between the organic layer on the NP surface and the solvent), and r is the NP radius.  

 

 

Figure 1.2. Schematic representation of the van der Waals interaction. 

 

The electrostatic contribution ū
elec

 (equation 1.3) arises from the presence of an electric charge on 

the NP surface and leads, in the case of identical particles, to a repulsive interaction. The causes of 

the presence of the charge can be multiple, e.g., adsorption of ions onto the surface, presence of 

charged ligands, protonation, or deprotonation of superficial ligands, etc. The presence of these 

charges leads to the formation of an electric double layer, which shields the charges at large distances 

but leads to significant repulsive interactions at small distances (Figure 1.3).38ï40 The electrostatic 

contribution can be schematized as follows:22 

( )

( )( )2 exp -ə d -2rQ
ū (d)=

elec 2 d4ˊŮŮ 1+ər
0

                                                   (1.3) 

where Q is the total charge on the NP, Ů and Ů
0

 are the permeability of the medium and the vacuum, 

respectively, and əis the reciprocal of the Debye length.  
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Figure 1.3. Schematic representation of the electrostatic interaction. 

 

The hydrophobic interaction ū
hydro

 occurs when coated NPs are dispersed in water. Alkyl chains 

of the organic coating, present on NPs surface, come closer to minimize interactions with water 

molecules. This interaction can work over a very long range, about 1 nm (equation 1.4, and Figure 

1.4).26,41,42 

( )
d - 2r - 2L

ū =-4ˊrD ɔ 1- f exp -
0hydro D

0

å õ
æ ö
æ ö
ç ÷

                                          (1.4) 

where D0 is the hydrophobic decay length, ɔ is the surface tension of the ligand in water, f is a 

dimensionless parameter that reflects the hydrophobic-hydrophilic balance of the organic ligand, and 

L is the length of the alkyl chain of the ligand.  

 

 

Figure 1.4. Schematic representation of the hydrophobic interaction. 
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The elastic interactions ū
elas

 are short-range interactions, due to the loss of configurational entropy 

of organic chains. They are repulsive when the distance between the NPs is less than the length of the 

alkyl chains (equation 1.5, and Figure 1.5).26,41,42  

( )f

22ˊrkTL ɟ
ū (d)= d -2rL

elas MW
f                                                        (1.5) 

where k is the Boltzmann constant, T is the temperature, ɟis the ligand density, MW is the molecular 

weight, f is the fraction of surface coverage by the ligand. 

 

 

Figure 1.5. Schematic representation of the elastic interaction. 

 

The right balance between the different energies, summarized in Table 1.1, is what must be optimized 

to obtain the desired secondary structure. 

 

Table 1.1. Summary of the energies involved in the NP self-assembly. 

Force Type of interaction Elements involved in the interaction 

van der Waals attractive coated NP surface 

electrical repulsive electric layer near NP surface 

hydrophobic attractive coated NP in water 

elastic repulsive organic layers 
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1.1.2 Geometrical parameters  

The compact structures that can be obtained by assimilating NPs to the hard-sphere are face-centered 

cubic (FCC), hexagonal close-packed (HPC), or body-centered cubic (BCC) structures.43 

Nevertheless, more complex arrangements, such as Frank-Kasper or tetrahedral close packing (TPC) 

phases (Figure 1.6), or even quasi-crystalline structures are detected for polymer and metallic NPs in 

2D structures.24,27,44ï46 The Frank-Kasper phase is characterized by the arrangement of particles that 

form a hierarchical structure at the vertices of almost regular tetrahedrons.47 

 

 

Figure 1.6. 3D schematic representation of face-centered cubic (FCC, green structure), hexagonal 

close packed (HPC, blue structure), body-centered cubic (BCC, purple structure), and tetrahedral 

close packing (TPC, example of C14 Frank-Kasper, gold structure) phases.  

 

Calculating the overall energy involved in NP self-assembly in different ordered structures can be a 

difficult task. However, it is possible to find a rationale by considering the structural parameters of 

the coated NPs that go to self-assembly. In fact, not only the size of the inorganic core, which can be 

tuned during the synthesis but also the NP coating plays a very important role in self-assembly. 

Indeed, NPs are stabilized through surface functionalization with organic ligands or active surfaces. 

This organic coating, depending on the environment in which the NPs are dispersed and the forces 
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that are generated between the various constituents of the system, can, on the one hand, stabilize the 

NPs and avoid the self-aggregation, on the other hand, instead, they can be the driving force of the 

self-assembly and the formation of NP superlattices,48 for example, though an emulsion process. 

Recently Pansu et al. in their study on coated gold NPs have proposed that some geometrical 

parameters can affect the formation of different secondary structures of coated NPs, such as the radius 

of the inorganic core rc, the length of the alkyl chains of the coating molecules ls, and the distance 

between two neighboring NPs ŭ (Figure 1.7).43 

 

 

Figure 1.7. Schematic representation of geometric parameters: radius of inorganic core rc, length of 

alkyl chain ls, distance between two neighboring NPs ŭ. 

 

By modulating the ratio ŭ/ls and ls/rc, it is possible to induce the formation of a NP cluster with a 

certain crystalline periodicity rather than another or to have the coexistence of several structures 

(Figure 1.8).43 
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Figure 1.8. Schematic representation of the structure diagram for soft NPs.  

 

To study and rationalize the process of self-assembly aimed at obtaining ordered 3D structures stable 

in water, it was chosen to work with cerium oxide nanoparticles (CeO2 NPs), one of the most 

promising metal oxides. The ability of CeO2 NPs to modify their oxidation state by maintaining 

structural integrity is the key to their large use.15 

 

1.2 Cerium Oxide Nanoparticles 

Cerium (Ce) is one of the most reactive and abundant rare elements of the lanthanide series and can 

exist both in the +3 and +4 oxidation states. When cerium combines with oxygen, two different oxides 

can be obtained: i) cerium dioxide CeO2, ii)  cerium sesquioxide Ce2O3.
49,50 CeO2 crystallizes in the 

fluorite crystal structure at room temperature and pressure, with space group Fm3m. Cerium cations 

are arranged in a face-centered cubic structure and the O2- anions are positioned in the octahedral 

interstices. Each cerium cation is coordinated with eight oxygen anions, while each oxygen anion is 

coordinated with four cerium cations (Figure 1.9 A).51,52 On the other hand, the stable crystalline form 

of Ce2O3 is hexagonal, with space group P3ml, in which each cerium cation is coordinated with seven 

oxygen anions (Figure 1.9 B). 
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Figure 1.9. Fluorite type structure of CeO2 (A) and sesquioxide A-type structure of Ce2O3 (B), red 

and white balls indicate cerium and oxygen, respectively. 

 

Generally, cerium oxide nanoparticles (CeO2 NPs) have a fluorite-like crystalline structure, as in the 

case of the bulk material. In this case, the crystals have defects due to the coexistence between the 

trivalent (Ce3+) and the tetravalent (Ce4+) states. This causes the spontaneous formation of oxygen 

vacancies (Vo) (Figure 1.10), according to the following reaction: 

x
CeO CeO + O

2 2-x 22
­                                                                (1.6) 

During this reaction, two electrons from the oxygen atoms are transferred to two ions Ce4+, which are 

reduced to Ce3+, and oxygen or hydroxyl are released from the surface. The reverse process occurs 

when Ce3+ is oxidized to Ce4+.10  

 

 

Figure 1.10. Fluorite type structure of CeO2 NPs without (A) and with (B) oxygen vacancy.  
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The generation of defects, which can be modulated during NP synthesis, leads to an increase of system 

entropy, and, in turn, to a reduction of Gibbs energy with advantages in term of stability.52  

 

1.2.1 Synthesis and functionalization  

Metal oxide nanoparticles can be synthesized by different methods following in three macro-areas: 

physical, chemical, and biological, as shown in Figure 1.11.53 

 

 

Figure 1.11. Various methods of synthesizing CeO2 NPs.  

 

Although biological methods are ñgreenò, chemical, and physical methods are more widely used than 

biological ones, because of a better control of synthetic conditions. Moreover, among all the 

syntheses, chemical methods are the best for homogeneity of NP dimension, morphology, and 

composition, which significantly affect the properties of the final material. 

During the synthetic process, as mentioned above, it is possible to modulate the Ce3+/Ce4+ ratio and 

thus the concentration of Vo in the CeO2 NPs. As the size of the NPs decreases, the concentration of 

Ce3+, and therefore of Vo, increases. To optimize this, it is possible to use various synthesis methods, 

such as, thermal decomposition,54 hydrothermal,55 co-precipitation method or the use of 
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microwaves.56ï58 For example, the co-precipitation method is relatively straightforward given the low 

solubility of CeO2 NPs in water. However, using agents such as sodium hydroxide, urea, or 

ammonium may lead to the precipitation of crystals that are too small for application purposes.8,59 

For this reason, surfactants, such as Cetyltrimethylammonium Bromide (CTAB), or polymers, such 

as Polyvinylpyrrolidone (PVP), are often used, since they easily absorb on the surface of NPs and 

modulate their size as a function of their concentration.60,61  

The choice of the capping agents forming the organic coating is crucial because it can guide the 

morphology of the NPs. For example, in a certain range of concentrations and reaction times, PVP 

drives the formation of nanospheres and oleic acid of nanocubes,62,63 while the combined use of oleic 

acid and oleylamine in the thermal decomposition of cerium nitrate leads to formation of nanoplates.64 

The result of any chemical synthesis method are NPs with a low or limited colloidal stability; to 

increase it and permit NP dispersion in water or in a solvent different from those used in the synthesis, 

surface modifications are necessary. There are two main kinds of functionalization methods. The first 

one is based on the addition of an amphiphilic molecule to the external surface of the NPs, without 

the removal of the capping agents. The hydrophobic interaction between the two amphiphilic 

molecules creates a bilayer on the surface of the NP exposing a hydrophilic surface, thus allowing 

the dispersion in water.65 The second functionalization method is based on the substitution of the 

capping agent with a bi-functional molecule bearing a functional group able to bind to the NPs surface 

and a polar group that makes the compound soluble in water (Figure 1.12).66ï69 
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Figure 1.12. Schematic representation of the two functionalization methods.  

 

1.2.2 Properties and applications 

The properties of CeO2 NPs are closely related to their stable crystal structure. They can be easily 

manipulated by varying the concentration of defects in CeO2 NPs because of the partial reduction of 

Ce4+ to Ce3+.70 The ability of CeO2 NPs to modify the oxidation state in a suitable temperature range 

by maintaining structural integrity is the key to their success. Indeed, it determines the high catalytic 

activity of NPs for a variety of reactions, such as water-gas shift,71 CO oxidation,72 water splitting,73 

hydrogenation of unsaturated compounds, ring opening, isomerization reaction, and dehydration of 

alcohols.74  

Moreover, CeO2 NPs have attracted considerable interest in the field of photocatalysis, too. In fact, 

CeO2 NPs are a wide bandgap semiconductor (3.0-3.4 eV) and can act as a photocatalyst if irradiated 

by UV light, similarly to TiO2 NPs but with the advantage of longer lifetime of the charge carriers 

and higher oxygen mobility.72,75  

CeO2 NPs are extensively used as polishing agent for glasses, showing superior polishing properties 

than anhydrous ferric oxide particles,76,77 are components of sunscreen cosmetics for UV filtration,78 

are added to coatings and pigments to protect steels and other metallic materials from corrosion.79  

In recent years, CeO2 NPs have attracted great interest in the biomedical field (i.e., as anticancer, 

antioxidant, and antibacterial agents), due to their redox properties, which can be opportunely 
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modulated to inhibit (with an antioxidant action) or promote (with a pro-oxidant action) the oxidation 

processes,12ï14,80 showing the ability to decrease or to increase the concentration of the Reactive 

Oxygen Species (ROS).81ï83 

Finally, CeO2 NPs have acquired an increasing attention due to their peculiar behavior that places 

them into the promising category of ñnanozymesò, which are NPs with enzyme-like features. Indeed, 

they show superoxide dismutase, catalase, and phosphatase mimetic activity.81,82  

Some of these applications are shown in figure 1.13. 

 

 

Figure 1.13. Examples of CeO2 NPs applications. 
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Chapter 2 

Synthesis and Functionalization of coated CeO2 NPs  
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CeO2 NPs were prepared through the thermal decomposition method using amines with different 

lengths of alkyl chain, from C8 (octaylamine) to C18 (oleylamine), which makes them stable in non-

polar media. Then, to obtain a 3D-ordered superlattice, NP self-assembly was induced by 

functionalizing CeO2 NPs with two amphiphilic molecules. 

In this chapter, the experimental procedures are described in detail. 

 

2.1 Synthesis of CeO2 NPs 

 

2.1.1 Materials 

Cerium(III) nitrate hexahydrate Ce(NO3)36H2O (> 99.999% trace metals basis purity), octylamine 

C8H19N (99% purity), decylamine C10H23N (95% purity), dodecylamine C12H27N (98% purity), 

hexadecylamine C16H35N (98% purity), oleylamine C18H37N (70% technical grade), 1-Octadecene 

(90% technical grade), ethanol (96% vol), chloroform (Ó 99.5%, contains 100-200 ppm amylenes as 

a stabilizer) were purchased from Merck (Germany) and used without further purification.  

 

2.1.2 Synthetic protocol 

CeO2 NPs were synthesized through a slightly modified version of the thermal decomposition method 

introduced by Lee et al..84 Namely, 1.74 g of Ce(NO3)36H2O were dissolved in 25 mL of 1-octadecene 

at room temperature. Upon the dissolution of the salt, a specific amount of the selected capping agent 

was added to the reaction mixture, as reported in Table 2.1, thus, to obtain a 1:3 salt: capping agent 

molar ratio. 
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Table 2.1. Quantity of different capping agents used in the synthesis. 

Material Acronym 
Quantity ± 0.01  

 mL 

octylamine C8 1.98 

decylamine C10 2.40 

dedecylamine C12 2.77 

hexadecylamine C16 3.10 

oleylamine C18 3.95 

 

The resulting solution was placed in a bath at 80 °C and stirred for 30 minutes. Then, aiming at 

studying the effect of temperature synthesis on NP properties, the solution was further heated as 

reported in Table 2.2 under an argon atmosphere and stirred for 1 hour (the experimental apparatus 

is represented in Figure 2.1). 

 

Table 2.2. Capping agents and synthesis temperatures employed. 

Capping Agent 150 °C 200 °C 250 °C 

octylamine X   

decylamine X X  

dodecylamine X X  

hexadecylamine X X X 

oleylamine X X X 
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Figure 2.1. Experimental apparatus used for the synthesis of CeO2 NPs. 

 

The reaction mixture was then slowly cooled down to room temperature and 30 mL of ethanol were 

added to induce the precipitation of NPs. The resulting suspension was transferred into 50 mL 

centrifuge tubes and centrifuged at 8000 rpm for 20 minutes. Then the supernatant was discarded, 

and the CeO2 NPs were re-dispersed in ethanol. The centrifugation step was repeated twice to remove 

all the unreacted material. Finally, CeO2 NPs were dispersed in chloroform.  

The different NPs obtained according to this method are reported in Table 2.3 and Figure 2.2.  
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Table 2.3. CeO2 NPs synthesized with different capping agents and at different temperatures. 

Acronym Capping Agent 
Temperature  

°C 

C8@CeO2 150 octylamine 150 

C10@CeO2 150 decylamine 150 

C12@CeO2 150 dodecylamine 150 

C16@CeO2 150 hexadecylamine 150 

C18@CeO2 150 oleylamine 150 

C10@CeO2 200 oleylamine 200 

C12@CeO2 200 dodecylamine 200 

C16@CeO2 200 hexadecylamine 200 

C18@CeO2 200 oleylamine 200 

C16@CeO2 250 hexadecylamine 250 

C18@CeO2 250 oleylamine 250 

 

 

Figure 2.2. CeO2 NPs synthesized: C8@CeO2 150 A, C10@CeO2 150 B, C12@CeO2 150 C, 

C16@CeO2 150 D, C18@CeO2 150 E, C10@CeO2 200 F, C12@CeO2 200 G, C16@CeO2 200 H, 

C18@CeO2 200 I , C16@CeO2 250 J, C18@CeO2 250 K. 

 

Ce concentration in NP synthesized was determined by ICP-MS in terms of mg/kg concentration. 

Considering a CeO2 density of 7.6 g/cm3 and the volume of NP core as experimentally determined 

by TEM images it was possible to estimate the weight of a single NP being 10-19 g, corresponding to 

a NP molecular weight of about 299545.6 g/mol. Ce concentration is converted into NP molar 

concentration and used this value to determine the ratio between NP and functionalizing 

molecules.85,86  
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2.2 Preparation of 3D superlattice systems 

 

2.2.1 Materials 

Oleic acid C18H34O2 (Ó 99% purity), sodium oleate C18H33NaO2 (99% purity), ethanol (96% vol), and 

ethyl ether (Ó 99.8% purity) were purchased from Merck (Germany) and used without further 

purification. All aqueous solutions were prepared using double-distilled Milli -Q-water, filtered using 

0.20 µm filters except for samples for neutron and Cryo-TEM measurements where D2O (Merck) 

was used. 

 

2.2.2 3D ordered structures protocol 

The superlattice formation was induced by the micro-emulsion method. Thus, the interaction between 

the alkyl chains of the capping agent was induced, while the functionalizing molecules had to 

encapsulate the entire aggregate to make it stable in water (Figure 2.3). The functionalizing molecules 

chosen are oleic acid (OA) and sodium oleate (NaOA), to evaluate how the nature of these molecules 

could affect the structure of the NP aggregate.  

 

 

Figure 2.3. Schematic representation of coated CeO2 NP superlattice.  

 

Coated CeO2 NPs are stored in chloroform, as mentioned above, which has a boiling temperature of 

61.2 °C, so it hardly evaporates at room temperature and does not cause changes in suspension 
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concentration. Nevertheless, the process of functionalization was favored if the organic solvent is 

ethyl ether, which has a boiling temperature of 34.6 °C. Hence, to avoid variations in the 

concentration of organic suspensions of coated CeO2 NPs, only before the functionalization a solvent 

change was carried out, with the procedure described in the paragraph 2.1.2. 

In the case of oleic acid, a specific amount of OA (0.7 mM, in ethyl ether) was added to different 

amounts (14, 20, and 50 mM NPs concentrations) of coated CeO2 NPs in ethyl ether, then, 10 mL of 

bi-distilled water were added to every dispersion. The resulting biphasic systems (Figure 2.4 A) were 

sonicated with a probe tip-sonicator for 5 minutes to get monophasic systems (Figure 2.4 B), which 

were left under stirring overnight, to remove the organic solvent.  

Since NaOA is soluble in water, a 0.7 mM water solution of NaOA was added to different amounts 

(14, 20, and 50 mM NPs concentrations) of coated CeO2 NPs dispersed in ethyl ether obtaining 

biphasic systems that were subjected to the same procedure described above. 

 

 

Figure 2.4. Biphasic system A, final monophasic system B. 
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Chapter 3 

Amines@CeO2 NPs: investigating the synthesis NPs  
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To obtain ordered 3D superlattices it is very important that the NPs used as building blocks have a 

regular nearly spherical shape, and low polydispersion size. To assess if CeO2 NPs synthesized by 

means of the thermal decomposition method fulfill these requirements, they must be extensively 

characterized with different techniques. Namely, the inorganic core of NPs was analyzed by means 

of X-Ray Diffraction (XRD), and X-ray Photoelectronic Spectroscopy (XPS) with the aim to assess 

the crystalline state and the surface atomic composition, the presence of the organic coating on the 

NP surface was verified by means of Infrared (IR) spectroscopy; Transmission Electron Microscopy 

(TEM) and Dynamic Light Scattering (DLS) measurements were performed to study the shape and 

size of coated NPs. Finally, optical properties of coated CeO2 NPs were analyzed by means of UV-

Visible, and photoluminescence spectroscopy.  

 

3.1 Inorganic core 

With the aim at assessing the crystalline state of CeO2 NPs XRD measurements were performed, 

while XPS spectroscopy was employed to determine the concentration of the different species on NP 

surface and in particular the Ce3+/Ce4+ ratio. XPS analysis was carried out at CEA-Leti Research and 

Technology Institute in Grenoble (France) as part of the European project NFFA (ID070) for the 

development of nanoscience.  

 

3.1.1. Crystalline structure 

All NPs synthesized were crystalline as demonstrated by XRD analysis. The XRD patterns of CeO2 

NPs prepared with octylamine at 150 °C (C8@CeO2 150), and with oleylamine at 150 °C 

(C18@CeO2 150) or at 250 °C (C18@CeO2 250) are shown in Figure 3.1, for example.  
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Figure 3.1. XRD patterns of C8@CeO2 150, C18@CeO2 150, and C18@CeO2 250. 

 

The values of the diffraction angle (2ɗ) and Miller indices (hkl) of the peaks observed in the profile 

of Figure 3.1 are listened in Table 3.1. These patterns show the typical peaks of a face centered cubic 

structure (JCPDS 36-1451).87ï89 The broad halo at 2ɗ values of less than 28° could be due to the 

presence of the organic coating on the surface of CeO2 NPs.  

 

Table 3.1. Experimental values of the diffraction angles (2ɗ, degs) and corresponding Miller indices 

(hkl) of diffraction peaks observed in the patterns reported in Figure 3.1. 

Sample (111) (200) (220) (311) (222) 

C8@CeO2 150 28.31° 32.98° 47.20° 56.18° 58.92° 

C18@CeO2 150 28.31° 32.83° 47.20° 56.18° 58.92° 

C18@CeO2 250 28.16° 32.69° 47.20° 56.03° 58.92° 
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3.2.2 Chemical composition 

The XPS analysis was performed to obtain information on the chemical composition of the surface 

of the CeO2 NPs, and so to obtain the Ce3+/Ce4+ ratio. The survey spectra of all synthesized CeO2 

NPs are plotted in Figure 3.2 A, to better highlight the different peaks, spectra separated according to 

the synthesis temperature are reported in panels B-D (T= 150 °C Figure 3.2 B, T=200 °C Figure 3.2 

C, and T=250 °C Figure 3.2 D).  

 

 

Figure 3.2. XPS patterns of C8@CeO2 150, C10@CeO2 150, C12@CeO2 150, C16@CeO2 150, 

C18@CeO2 150, C10@CeO2 200, C12@CeO2 200, C16@CeO2 200, C18@CeO2 200, C16@CeO2 

250, and C18@CeO2 250 (A), C8@CeO2 150, C10@CeO2 150, C12@CeO2 150, C16@CeO2 150, 

and C18@CeO2 150 (B), C10@CeO2 200, C12@CeO2 200, C16@CeO2 200, and C18@CeO2 200 

(C), C16@CeO2 250, and C18@CeO2 250 (D). 

 

All patterns, reported in Figure 3.2 B, show the main characteristic peaks of CeO2 (Ce 3d, Ce 4d, and 

O 1s) as well as carbon (C 1s) (Multipak software). All NPs synthesized at 200 °C (Figure 3.2 C) 

show the O 1s peak as well as the C 1s. The Ce peaks are clearly visible only for NPs synthesized 

with shorter chain amines as capping agents (C10 and C12) when long chain amines were used (C16 
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and C18) Ce peaks overlap in a single peak. Moreover, for NPs synthesized at 250 °C the signal-to-

noise ratio of XPS spectra decreases as observed in Figure 3.2 D. These differences can probably be 

due to the depth of sampling. The size of the NPs may be too small compared to the length of the 

capping agent covering them, and this can make analysis difficult.  

To quantify the species (Table 3.2) of interest the main peaks were considered. In Figure 3.3 are 

reported the O 1s and C 1s peaks.  

 

 

Figure 3.3. O 1s XPS spectra of C8@CeO2 150, C10@CeO2 150, C12@CeO2 150, C16@CeO2 

150, and C18@CeO2 150 (A), O 1s XPS spectra of C10@CeO2 200, C12@CeO2 200, C16@CeO2 

200, and C18@CeO2 200 (B), O 1s XPS spectra of C16@CeO2 250, and C18@CeO2 250 (C), and 

C 1s XPS spectra of C8@CeO2 150, C10@CeO2 150, C12@CeO2 150, C16@CeO2 150, 

C18@CeO2 150, C10@CeO2 200, C12@CeO2 200, C16@CeO2 200, C18@CeO2 200, C16@CeO2 

250, and C18@CeO2 250 (D). 

 

The O 1s peak is split in two (Figure 3.3 A, B, and C). The first one at about 527 eV is due to the O 

atoms bound to Ce ones, and the other, between 529 and 531 eV is due to the O atoms bound to C 

atoms. The relative intensity of the two peaks changes from one sample to the other. For CeO2 NPs 
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synthesized with the shorter chain amines (C8, C10, and C12), the peak O-Ce is more intense than 

the O-C one, the opposite occurs for NPs synthesized with the longer chain amines (C16, and C18). 

The peak at about 286 eV in the C 1s spectrum (Figure 3.3 D) is also more visible for CeO2 NPs 

synthesized with shorter alkyl chains than for those obtained using C16 and C18 amines. Moreover, 

the other visible peak in the C 1s spectrum at about 282 eV is due to the C-C and C-H bonds of the 

alkyl chains of the organic coating.  

 

Table 3.2. Atomic concentrations of Ce, O (ñ*ò indicates that the O concentration is total), and C 

obtained from XPS spectra. 

Sample 
Ce  

%at 

O (O-Ce)  

%at 

O (O-C)  

%at 

C  

%at 

C8@CeO2 150 13 ± 3 24 ± 5 15 ± 3 50 ± 10 

C10@CeO2 150 18 ± 4 30 ± 6 18 ± 4 35 ± 7 

C12@CeO2 150 9 ± 2 20 ± 4 12 ± 2 60 ± 12 

C16@CeO2 150 7.4 ± 1.5 14 ± 3 14 ± 3 65 ± 13 

C18@CeO2 150 4.6 ± 0.9 11 ± 2 43 ± 9 42 ± 8 

C10@CeO2 200 17 ± 3 32 ± 6 14 ± 3 37 ± 7 

C12@CeO2 200 11 ± 2 24 ± 5 9 ± 2 57 ± 11 

C16@CeO2 200 * / / 53 ± 11 47 ± 9 

C18@CeO2 200 * 0.20 ± 0.04 / 6.3 ± 1.3 90 ± 20 

C16@CeO2 250 * 0.40 ± 0.08 / 7.3 ± 1.4 90 ± 20 

C18@CeO2 250 * / / 23 ± 5 77 ± 15 

 

From the data shown in Table 3.2, it is interesting to note that the concentrations of Ce and C do not 

follow any trend, while the results obtained from the integration of the O 1s peaks agree with the 

variations in the relative intensity of the peaks themselves. For samples synthesized with C16 and 

C18 as capping agents at 200 or 250 °C (* in Table 3.2), the O concentration is total. For these 

samples, it is not possible to quantify the Ce concentration and consequently, it is impossible to 

discriminate the oxygen bound to cerium and/or carbon.  

To determine the Ce3+/Ce4+ ratio it was necessary to integrate the curves of the Ce 3d shown in Figure 

3.4.  
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Figure 3.4. Ce 3d XPS patters of C8@CeO2 150, C10@CeO2 150, C12@CeO2 150, C16@CeO2 

150, and C18@CeO2 150 (A), C10@CeO2 200, C12@CeO2 200, C16@CeO2 200, and C18@CeO2 

200 (B), C16@CeO2 250, and C18@CeO2 250 (C). 

 

The spectrum of Ce is much more complex than the previous ones. For each component of Ce 3d5/2 

ï Ce 3d3/2 doublet, five peaks were used to fit all these contributions, each of them being assigned to 

one of the Ce oxidation states (Ce3+ and Ce4+) as indicated in Table 3.3. The five peaks are clearly 

visible for C8@CeO2 150 (black line in Figure 3.4 A), C10@CeO2 150 (red line in Figure 3.4 A), 

C12@CeO2 150 (blue line in Figure 3.4 A), C18@CeO2 150 (light blue line in Figure 3.4 A), 

C10@CeO2 200 (green line in Figure 3.4 B), and C12@CeO2 200 (dark cyan line in Figure 3.4 B) 

samples, for C16@CeO2 150 (purple line in Figure 3.4 A) the peaks are less visible, but the atomic 

concentration has been determined, for samples C16@CeO2 200 (orange line in Figure 3.4 B), 

C18@CeO2 200 (pink line in Figure 3.4 B), C16@CeO2 250 (navy line in Figure 3.4 C) and 

C18@CeO2 250 (violet line in Figure 3.4 C) the signals are not detectable, and the Ce concentration 

has not been determined. Again, this may be due to the depth of sampling.  
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Table 3.3. Binding energy of the peak, cerium oxidation state, integrated area, and Ce3+/Ce4+ ratio. 

 

 

The Ce3+/Ce4+ ratio varies from 0.35 to 0.57, with a lower value for sample C10@CeO2 150 and a 

higher value for sample C10@CeO2 200. Therefore, focusing on the syntheses performed in the 

presence of decylamine (C10), by increasing the synthesis temperature the Ce3+/Ce4+ ratio increases 

as well, the opposite occurs for the syntheses carried out in the presence of dodecylamine (C12), 

where the ratio was 0.52 and 0.46 at 150 and 200 °C, respectively. On the other hand, keeping the 

temperature of synthesis constant to 150 °C, the Ce3+/Ce4+ ratio was the same for systems synthesized 

Sample Binding Energy / eV Oxidation State Area / CPS Ce3+/Ce4+ ratio 

C8@CeO2 150 

898.1 IV  6649 

0.36 

888.7 IV  4563 

884.4 III  5215 

882.2 IV  5580 

880.3 III  807 

C10@CeO2 150 

898.2 IV  8134 

0.35 

888.7 IV  5749 

884.5 III  6667 

882.2 IV  7243 

880.1 III  850 

C12@CeO2 150 

898.4 IV  4999 

0.52 

889.0 IV  3622 

884.4 III  6078 

882.3 IV  3573 

879.9 III  311 

C16@CeO2 150 

898.8 IV  3505 

0.42 

889.3 IV  2529 

884.6 III  3240 

882.9 IV  2483 

881.7 III  384 

C18@CeO2 150 

897.5 IV  2925 

0.37 

888.1 IV  1959 

883.2 III  2266 

881.6 IV  1824 

879.7 III  194 

C10@CeO2 200 

897.8 IV  12723 

0.57 

888.5 IV  7654 

884.4 III  14239 

882.0 IV  10570 

880.2 III  3582 

C12@CeO2 200 

897.9 IV  8216 

0.46 

888.7 IV  4044 

884.8 III  6912 

882.2 IV  7321 

880.6 III  2078 

 



35 

 

in the presence of octylamine (C8, Ce3+/Ce4+=0.36) and decylamine (C10, Ce3+/Ce4+=0.35), has a 

maximum peak for the synthesized system in the presence of dodecylamine (C12, Ce3+/Ce4+=0.52), 

and decreases again for synthesized NPs in the presence of hexadecylamine (C16, Ce3+/Ce4+=0.42) 

and oleylamine (C18, Ce3+/Ce4+=0.37). These data show no relationship between the temperature or 

the capping agent nature and the ratio Ce3+/Ce4+, at least for the synthesis conditions considered.  

 

3.2 Organic coating 

To further confirm the presence of the organic coating on the NPs surface, whose evidence was clear 

from the halo at low 2ɗ values in XRD spectra, and from C-C and C-H signals present in XPS spectra, 

IR spectroscopy measurements were performed (Figure 3.5).  

 

 

Figure 3.5. IR spectra of C8@CeO2 150, C10@CeO2 150, C12@CeO2 150, C16@CeO2 150, and 

C18@CeO2 150 (A), C10@CeO2 200, C12@CeO2 200, C16@CeO2 200, and C18@CeO2 200 (B), 

C16@CeO2 250, and C18@CeO2 250 (C). 
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The measurements were carried out in a 4000-400 cm-1 range, where the peaks of both the organic 

coating and the CeO2 should be visible. Indeed, the characteristic peak of CeO2 falls at about 460   

cm-1,90 with a second peak at about 770 cm-1.91  

For all systems are visible both the peaks of the organic and inorganic parts. The bands at 460 and 

720 cm-1 corresponding to cerium oxide are observed. The wavenumber shift could be due to the 

presence of the organic coating. Intense bands in the 2800-3000 cm-1 region, due to CH stretching, 

and 1460-1500 cm-1 region, due to CH2 bending confirm a significant presence of the organic coating. 

It is noteworthy that all the amines used, except oleylamine (C18), are saturated. Therefore, the 

presence in all the spectra of the band corresponding to CH2 bending could indicate the capacity of 

CeO2 to induce unsaturation.  

 

3.3 Morphological and dimensional analyses 

The shape and size of CeO2 NPs are important features for formation of ordered 3D superlattices. As 

mentioned in Chapter 1, these parameters can be modulated in the synthesis phase, varying, for 

example, the synthesis temperature and the length of the alkyl chain of the capping agents.  

From an overall observation, through TEM images, of different CeO2 NPs synthesized at three 

different temperature and considering amines with different lengths of the alkyl chains as capping 

agents, shape, size, and tendency to self-aggregation strongly depend on these synthesis conditions. 

In fact, as the length of the alkyl chain and the synthesis temperature increase, the size of CeO2 NPs 

decreases as well as the tendency to self-aggregation, as shown in Figure 3.6.  
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To determine which synthetic conditions, allow monodisperse NPs with a regular and homogeneous 

shape to be obtained, a point characterization for all synthesized systems has been performed, 

combining TEM and DLS measurements.  

TEM images in the first line of the Figure 3.6 show that CeO2 NPs synthesized at 150 °C had a greater 

tendency to self-aggregation than others (second and third lines in Figure 3.6). Nevertheless, by 

assimilating the NPs to spheres, a statistical analysis of the TEM images has been conducted to 

determine their average radius <R>, for example, the Figure 3.7 is shown the TEM image of 

C18@CeO2 150.  

 

 

Figure 3.7. TEM image of C18@CeO2 150 (scalebar: 20 nm).  

 

CeO2 NPs synthesized at 150 °C exhibit irregular morphology. Only C10@CeO2 150 and C18@CeO2 

150 samples seem to have a more geometric shape, but still irregular. Through a statistical analysis 
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of TEM images, the average size of the inorganic core was determined. Results are reported in Figure 

3.8.  
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Figure 3.8. Average size of inorganic core <R> of C8@CeO2 150 (black circle), C10@CeO2 150 

(red circle), C12@CeO2 150 (blue circle), C16@CeO2 150 (purple circle), and C18@CeO2 150 

(light blue circle). 

 

The C10@CeO2 150 has a larger average size (~ 10 nm) than the others. <R> decreases in the case 

of synthesis with C8 (~ 6.5 nm), and then becomes constant and equal to about 3.6 nm for system 

C12@CeO2 150, C16@CeO2 150, and C18@CeO2 150. These results indicate that a moderate 

synthesis temperature could be sufficient to allows NPs with a mean radius equal to or less than 10 

nm, although with an irregular shape, to be obtained.  

To verify whether the tendency to aggregate was an artifact of the preparation of the TEM samples, 

which provide for the evaporation of the solvent, DLS measurements have been carried out (Figure 

3.9 A).  
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Figure 3.9. Hydrodynamic radius distribution of C8@CeO2 150, C10@CeO2 150, C12@CeO2 150, 

C16@CeO2 150, and C18@CeO2 150 (A), C10@CeO2 200, C12@CeO2 200, C16@CeO2 200, and 

C18@CeO2 200 (B) in chloroform.  

 

The hydrodynamic radius distributions confirm the tendency to self-aggregate also in solution for all 

CeO2 NPs synthesized at 150 °C, however, the size of the aggregates decreases with the length of the 

alkyl chain of the capping agent. The self-aggregation tendency decreases further with the increase 

of the synthesis temperature, as shown by the hydrodynamic radius distributions in Figure 3.9 B. This 

is evident for all NPs synthesized with the same capping agent, but the strongest effect is observed in 

the case of C10@CeO2, with a Rh of about 920 and 51 nm for synthesis at 150 and 200 °C, 

respectively. This difference is also visible in TEM images, as shown in Figure 3.6.  

To determine the average size <R> of the inorganic core for NPs synthesized at 200 °C, a statistical 

analysis of TEM images (second line in Figure 3.6) was carried out. For example, a TEM image of 

C10@CeO2 200 is shown in Figure 3.10. 
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Figure 3.10. TEM image of C10@CeO2 200 (scalebar: 20 nm). 

 

The morphology observed for these samples is still irregular, only nanoparticles C18@CeO2 200 has 

a spherical shape. From the statistical analysis of these images, the average size has been determined, 

which turns out to be for all NPs between 3 and 4 nm, as shown in Figure 3.11. 
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Figure 3.11. Average size of inorganic core <R> of C10@CeO2 200 (green square), C12@CeO2 

200 (dark cyan square), C16@CeO2 200 (orange square), and C18@CeO2 200 (pink square). 

 

The mean radii of the inorganic core of C16@CeO2 250 and C18@CeO2 250 are, instead, smaller 

than all other samples (third line in Figure 3.6). In fact, they turn out to be 2.9 and 2.5 for C16@CeO2 

250 and C18@CeO2 250, respectively. Form the TEM images, shown in Figure 3.12, it is also evident 

that the shape of C18@CeO2 250 NPs is spherical, and the NPs are monodispersed.  
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Figure 3.12. TEM images of C18@CeO2 250 (scalebar: 20 nm).  

 

Confirmation that the C18@CeO2 250 NPs were monodispersed was obtained through DLS 

measurements (Figure 3.13). 
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Figure 3.13. Hydrodynamic radius distribution of C16@CeO2 250, and C18@CeO2 250 in 

chloroform. 

 

Hydrodynamic radii show that the C16@CeO2 250 system still tends to self-aggregate, while sample 

C18@CeO2 250 is monodispersed in solution. Furthermore, considering the Rh value and the core 

dimension as determined by TEM, a thickness of the coating layer of about 2.5 nm was calculated, in 

agreement with oleylamine (C18) length in its full-length extension (2.0 nm).92 

From this careful analysis, the best candidate for obtaining ordered 3D superlattice in suspension is 

C18@CeO2 250.  

 

3.4. Optical properties 

Among the various properties of CeO2 NPs, the optical properties are a distinctive feature of the 

cerium oxide. Thus, an extensive study on the photoluminescence of the nanoparticles prepared was 

conducted. Such measures have been carried out at CEA-Leti Research and Technology Institute in 

Grenoble (France) as part of the European project NFFA (ID070) for the development of nanoscience. 

By way of example in Figure 3.14 the absorption spectrum of C18 system is shown.  
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Figure 3.14. UV-Visible spectrum of C18@CeO2 250 in chloroform. 

 

Photoluminescence measurements were performed by energizing all samples with a laser at a 

wavelength of 325 nm. Figure 3.15 shows the obtained photoluminescence spectra, organized into 

three panels with respect to the synthesis temperature.  
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Figure 3.15. Photoluminescence spectra of C8@CeO2 150, C10@CeO2 150, C12@CeO2 150, 

C16@CeO2 150, and C18@CeO2 150 (A), C10@CeO2 200, C12@CeO2 200, C16@CeO2 200, and 

C18@CeO2 200 (B), C16@CeO2 250, and C18@CeO2 250 (C). 

 

The samples have a wide emission band in the 350-800 nm range. It is evident that the C16@CeO2 

200, C18@CeO2 200, C16@CeO2 250, and C18@CeO2 250 samples exhibit the highest 

photoluminescence intensity (in the order of 104 counts). Moreover, in the case of the synthesis 

performed at 200 °C, the intensity increases as the length of the alkyl chain of the capping agent 

increases, while the opposite occurs in the case of the synthesis at 250 °C. However, while the NPs 

synthesized with C16 at two temperatures exhibit a photoluminescence maximum at 525 nm, for 

CeO2 NPs synthesized with C18 the maximum peaks shift from 562 to 522 nm, for 200 and 250 °C, 

respectively. This blue shift is typical of semiconductor nanoparticles when the size decreases and 

the diameter is less than 10 nm.93,94  

However, the other systems also have a slight photoluminescence, as visible in zoomed spectra 

reported in Figure 3.16.  
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Figure 3.16. Photoluminescence spectra of C8@CeO2 150, C10@CeO2 150, C12@CeO2 150, 

C16@CeO2 150, and C18@CeO2 150 (A), C10@CeO2 200, C12@CeO2 200 (B). 

 

Considering all NPs synthesized at 150 °C (Figure 3.16 A), also in this case, as the size of the 

inorganic core decreases, there is a blue shift. This trend is not observed for samples C10@CeO2 200 

and C12@CeO2 200, probably due to the phenomenon of self-aggregation, which leads to the 

formation of disordered aggregates.  

This characterization demonstrated how it is possible to modulate the shape, size, and tendency to 

self-aggregation of CeO2 NPs by varying the synthesis temperature and the length of the alkyl chain 

of the capping agent. Furthermore, a correlation has been shown between the maximum 

photoluminescence peak and the size of the inorganic core, at least for the C18@CeO2 250 

monodisperse and spherical system.  
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Chapter 4 

Ordered vs disordered coated CeO2 superlattices  

 

 

 

 

 

 

 

 

 

 

 

 

 



49 

 

In this chapter, the results obtained from the self-assembly of coated CeO2 NPs will be presented and 

discussed. The self-assembly, as described in Chapter 2, is realized without removing the first organic 

layer from the surface of the NPs. Two functionalizing molecules, oleic acid (OA), and sodium oleate 

(NaOA) were used for this purpose. From the results obtained from the characterization of the 

synthesized NPs, which show the presence of large aggregates for the systems synthesized at 150 °C, 

it was chosen to functionalize the NP synthesized at 200 and 250 °C.  

The resulting superlattices were characterized by Small Angle X-ray Scattering (SAXS), cryogenic 

Transmission Electron Microscopy (cryo-TEM), Transmission Electron Microscopy (TEM), 

Dynamic Light Scattering (DLS), and Small Angle Neutron Scattering (SANS). SAXS analysis was 

performed at the beamline B21 of the Diamond Light Source (Didcot, UK). SANS measurements 

were carried out at the KWS-2 instrument, and cryo-TEM images were acquired at Heinz Maier-

Leibnitz Source (Garching, Germany). 

In addition, the experimental potential, obtained by imposing the experimental distance between two 

neighboring NPs, was compared with the minimum potential calculated by considering the different 

contributions of the interactions, as described by the XDLVO theory presented in Chapter 1. 

4.1 OA-Amine@CeO2 NP superlattice 

Amine-coated CeO2 NPs have all been functionalized with oleic acid (OA), which is one of the most 

widely used molecules for the synthesis and the functionalization of metal oxide nanoparticles.95ï97  

In the following paragraphs, the effect of the length of the alkyl chain of the capping agent, the size 

of the inorganic core, and the ratio between the concentration of the nanoparticle suspensions and the 

functionalizing molecule on the NP self-assembly process is presented. 

4.1.1 Effect of the length of the alkyl chain of the capping agent 

To study the effect of the alkyl chain of the capping agent on the NP self-assembly process, all 

suspensions of coated CeO2 NPs at a concentration of 50 mM have been functionalized with the same 

amount of OA, to have a NPs:OA ratio 70:1 mol:mol.  

The functionalization with OA leads in all the cases to the formation of aggregates in an aqueous 

suspension. To determine the morphology of these aggregates, SAXS and cryo-TEM measurements 

were conducted. The SAXS patterns of OA-C10@CeO2 200, OA-C12@CeO2 200, OA-C16@CeO2 

200, and OA-C18@CeO2 200 are shown in Figure 4.1.  
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Figure 4.1. SAXS patterns of OA-C10@CeO2 200, OA-C12@CeO2 200, OA-C16@CeO2 200, and 

OA-C18@CeO2 200 in H2O.  

 

The slope at low Q values of all SAXS curves indicates the presence of NP aggregates. Furthermore, 

the curves of OA-C10@CeO2 200 and OA-C12@CeO2 200 systems are similar, however, the 

presence of peaks is visible for OA-C16@CeO2 200 and OA-C18@CeO2 200 systems.  

To better study the coated CeO2 organization, in all the cases the form factor of a sphere has been 

subtracted.  
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Figure 4.2. SAXS pattern of OA-C10@CeO2 200 in H2O (A), cryo-TEM image of OA-

C10@CeO2 200 in D2O (scalebar:100 nm) (B), SAXS pattern of OA-C12@CeO2 200 H2O (C), and 

cryo-TEM of OA-C12@CeO2 200 D2O (scalebar: 80 nm) (D).  

 

The SAXS curve of OA-C10@CeO2 200 present a slope of Q-3 (Figure 4.2 A), typical of NP 

aggregates.98 They are also visible from the cryo-TEM image from which an average distance 

between two NPs of about 6 nm (shown by the red line in Figure 4.2 B) is determined. Also, for OA-

C12@CeO2 200 sample disordered aggregates are visible, although subtracting from SAXS data the 

form factor of a sphere, in this case, a peak is shown at a value of scattering vector Q of about 0.08 

(Figure 4.2 C), corresponding to an average distance between NPs of about 7.8, value in accordance 

with that determined by the statistical analysis of cryo-TEM image d=7±2 nm, shown by the red line 

in Figure 4.2 D.  



52 

 

The same analysis was performed for OA-C16@CeO2 200 sample, SAXS curve and cryo-TEM image 

are shown in Figure 4.3. 

 

 

Figure 4.3. SAXS pattern in H2O (A), and cryo-TEM image in D2O (scalebar: 80 nm) (B) of OA-

C16@CeO2 200. 

 

As for OA-C12@CeO2 200, the SAXS pattern of OA-C16@CeO2 200 (Figure 4.3 A) also presents, 

after subtracting the sphere from factor, a peak at about 0.08 Å-1, corresponding to a distance between 

NPs of 7.8 nm. This value is in accordance with that obtained from the statistical analysis of cryo-

TEM images (Figure 4.3 B), d=7.2±1.2 nm. Interestingly, in other areas of the grid analyzed by means 

of cryo-TEM there are regions where clusters of NPs seem to assume an ordered arrangement (red 

squares in Figure 4.4 A, B, and C). They coexist with single NPs (Figure 4.4 D). Through DLS 

analysis the dimension of the aggregates was determined, Rh=470±40 nm, in agreement with 

aggregates formed through the micro-emulsion method.48 
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Figure 4.4. Cryo-TEM image of OA-C16@CeO2 200 in different zone of grid analyzed, scalebar: 

200 nm (A), scalebar: 80 nm (B), scalebar: 80 nm (C), and scalebar: 30 nm (D) in D2O. 

 

These results show that the OA-C16@CeO2 200 sample is very heterogeneous, with coexisting single 

NPs, disordered and ordered aggregates in suspension. 

SAXS curve and cryo-TEM image of OA-C18@CeO2 200 are shown in Figure 4.5. 
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Figure 4.5. SAXS pattern in H2O with Q/Q1 ratio (A), and cryo-TEM image D2O (scalebar:80 nm) 

(B) of OA-C18@CeO2 200.  

 

The analysis of SAXS patter of OA-C18@CeO2 250 reveled Bragg reflections (Table 4.1) 

comparable to both a face centered cubic (FCC) and a Frank-Kasper with a hexagonal unit cell (C14 

FK) phase, as can be seen from the comparison between the experimental data Q/Q1 and those present 

in the literature for the two phases, FCC and C14 FK (Table 4.1).43  

 

Table 4.1. Comparison between the experimental values of OA-C18@CeO2 200 sample obtained 

from SAXS analysis and the theoretical values of FCC and C14 FK structures.43 

OA-C18@CeO2 200 FCC C14 FK 

Q 

Å-1 
Q/Q1 Q/Q1 hkl Q/Q1 hkl 

0.06 1 1 111 1 100 

0.07 1.17 1.15 200 1.14 101 

0.12 2 2 222 2 200 

0.20 3.33 3.26 440 3.32 205 

 

However, the SAXS curve shape, and the analysis of the cryo-TEM images, from which a distance 

of about 7.9 nm, and an angle of about 90° from two neighboring NPs are derived, are more consistent 






















































































































































































































































