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Introduction 

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

normal life. The prefix “nano” is derived from the Greek word “nanos”, meaning “very short man”,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 

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

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

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

▪ 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 



3 

 

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.8–14 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.16–18 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  
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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 

“superlattice”,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.23–25  

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 “in situ” 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 Φ
vdW

, electrostatic Φ
elec

, hydrophobic Φ
hydro

, and 

elastic Φ
elas

 (equation 1.1):22,29 

Φ =Φ +Φ +Φ +Φtot 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 Φ
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). 31–37 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
Φ (d)= - + + ln

vdW 2 2 2 26 d - 4r d d

  
  

  
  

                                   (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 Φ
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).38–40 The electrostatic 

contribution can be schematized as follows:22 

( )

( )( )2 exp -κ d - 2rQ
Φ (d)=

elec 2 d4πεε 1+ κr
0

                                                   (1.3) 

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

 are the permeability of the medium and the vacuum, 

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

 

The hydrophobic interaction Φ
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

Φ = -4πrD γ 1 - f exp -
0hydro D

0

 
 
 
 

                                          (1.4) 

where D0 is the hydrophobic decay length, γ  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 Φ
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

22πrkTL ρ
Φ (d)= d - 2rL

elas MW
                                                        (1.5) 

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

weight,   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.24,27,44–46 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 δ (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 δ. 

 

By modulating the ratio δ/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 “green”, 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.56–58 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).66–69 
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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,12–14,80 showing the ability to decrease or to increase the concentration of the Reactive 

Oxygen Species (ROS).81–83 

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

them into the promising category of “nanozymes”, 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  

 

 

 

 

 

 

 

 

 

 

 

 

 



21 

 

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)3 ּ6H2O (> 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 (≥ 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)3ּ6H2O 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 (≥ 99% purity), sodium oleate C18H33NaO2 (99% purity), ethanol (96% vol), and 

ethyl ether (≥ 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 (2θ) 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).87–89 The broad halo at 2θ 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 (2θ, 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 (“*” 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.  



33 

 

 

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 

– 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 
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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 2θ 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.  

 

C8 C10 C12 C16 C18

0

2

4

6

8

10

12

14
<

R
>

 /
 n

m

Length of capping agent

 

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  
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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.95–97  

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.  
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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 
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with an FCC phase.43 Nevertheless, the undefined peaks of the SAXS data suggest the coexistence of 

several ordered or even disordered phase.  

A comparison of the distance between two neighboring NPs obtained from SAXS and cryo-TEM data 

for all systems is given in Table 4.2. 

 

Table 4.2. Comparison between the distance obtained from SAXS dSAXS and cryo-TEM image dTEM 

analysis of OA-C10@CeO2 200, OA-C12@CeO2 200, OA-C16@CeO2 200, OA-C18@CeO2 200.  

Sample 
dSAXS 

 nm 

dTEM  

 nm 

OA-C10@CeO2 200  6 ± 2 

OA-C12@CeO2 200 7.8 7 ± 2 

OA-C16@CeO2 200 7.8 7.2 ± 1.2 

OA-C18@CeO2 200 6 ± 3 7.9 ± 0.8 

 

The average distances between two neighbouring NPs determined by means of SAXS or statistical 

analysis of cryo-TEM images are similar for all the systems. Nevertheless, the experimental data 

show a different behaviour of the various systems in the self-assembly process, leading to the 

formation of different hierarchical clusters.  

To understand this trend, the ratios between the surface-surface distance and the length of the alkyl 

chain of the capping agent, δ / ls and between the length of the alkyl chain of the capping agent and 

the radius of the inorganic core, 
l rs c , proposed by Pansu et al. to describe the aggregates structures 

of coated gold nanoparticles (coated-Au NPs),43 were calculated and reported in Table 4.3. 

Subsequently, these ratios were compared with the structure diagram obtained for coated gold 

nanoparticle (shown in Chapter 1, Figure 1.8) to understand if the model proposed by Pansu et al.43 

was also applicable to the superlattices of coated cerium oxide nanoparticles (Figure 4.6). 
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Table 4.3. Experimental values of surface-surface distance δ, length of alkyl chain of capping agent 

ls (calculated using Tanford’s equation,99 inorganic core rc, δ / ls , and l rs c ratios of OA-C10@CeO2 

200, OA-C12@CeO2 200, OA-C16@CeO2 200, OA-C18@CeO2 200.  

Sample 
δ 

nm 

ls 

nm 

rc 

nm 
𝛿 𝑙𝑠⁄  𝑙𝑠 𝑟𝑐⁄  

OA-C10@CeO2 200 0 1.42 3 0 0.47 

OA-C12@CeO2 200 0.6 1.67 3.8 0.36 0.44 

OA-C16@CeO2 200 1.6 2.18 4.4 0.73 0.50 

OA-C18@CeO2 200 0.5 2.44 4.2 0.20 0.58 

 

 

 

Figure 4.6. Structure diagram of coated-Au structure (gold), and of OA-C10@CeO2 200 disordered 

aggregates (green), OA-C12@CeO2 200 disordered aggregates (green), OA-C16@CeO2 200 

(orange), OA-C18@CeO2 200 FCC structure (pink).  
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By comparing the ratios for which coated-Au NPs form ordered superlattices and the parameters 

obtained for coated-CeO2 NP systems, an agreement can be noted for disordered OA-C10@CeO2 200 

and OA-C12@CeO2 200 aggregates. Based on the parameters obtained for OA-C16@CeO2 200 

system the ordered structures observed in the cryo-TEM images should correspond to a FK structure. 

On the other hand, the parameters calculated for the OA-C18@CeO2 200 system should give 

formation of disordered aggregates, whereas a FCC superlattice is observed experimentally. In this 

respect, it is wort to note that not all the SAXS peaks of OA-C18@CeO2 200 could be attribute to a 

FCC structure, suggesting the presence of aggregates of different types. Therefore, the structure 

diagram proposed by Pansu well describes the formation of disordered aggregates, but not those 

ordered for coated-CeO2 NPs. Probably the different nature of inorganic core and the obtaining of the 

superlattices with different preparation methods do not allow to use of the same diagram to predict 

the superlattice that can be obtained with coated-CeO2 NPs.  

These results, show that as the length of the alkyl chain of the capping agent increases, coated-CeO2 

NPs tend to form ordered superlattices, although disordered aggregates and single functionalized 

nanoparticles also coexist.  

 

4.1.2 Effect of the inorganic core dimension 

Another parameter that can affect the self-assembly process is the size of the inorganic core of NPs. 

As demonstrated in Chapter 3, the core size of coated-CeO2 NPs varies significantly as the synthesis 

temperature changes: the inorganic core radius of NPs synthesized in the presence of C16 and C18 

decreases from 4.4 and 4.2 nm to 2.9 and 2.5 nm, respectively, by increasing the synthesis temperature 

from 200 °C to 250 °C. All these NPs were functionalized, and their behavior compared to study the 

effect of the inorganic core size (Figure 4.7). 
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Figure 4.7. SAXS patterns of OA-C16@CeO2 200, OA-C18@CeO2 200, OA-C16@CeO2 250, and 

OA-C18@CeO2 250 in H2O.  

 

From a first qualitative comparison of the SAXS curves, it would seem that the two systems OA-

C16@CeO2 200 (orange curve) and OA-C16@CeO2 250 (navy curve) there are no variations, instead 

different peaks are present for the OA-C18@CeO2 200 (pink curve) and OA-C18@CeO2 250 systems 

(violet curve).  

 

SAXS curve and cryo-TEM images of OA-C16@CeO2 250 sample are shown in Figure 4.8. 
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Figure 4.8. SAXS pattern in H2O (A), cryo-TEM image of C14 FK phase in D2O (scalebar: 80nm) 

(B, and C), enlarged section of region marked in C (D) of OA-C16@CeO2 250. 

 

The analysis of SAXS pattern of OA-C16@CeO2 250 reveled Bragg reflections (Table 4.4) typical 

of a hexagonal phase. In fact, the experimental values of Q/Q1 (Table 4) are comparable to that of a 

Frank-Kasper phase with a hexagonal unit cell (C14 phase). The presence of the hexagonal phase is 

also confirmed by cryo-TEM images, in particular the enlarged section (Figure 4.8 D) showed the 

honeycomb structure, typical of Frank-Kasper (FK) phases.43,46,47  
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Table 4.4. Comparison between the experimental values of OA-C16@CeO2 250 sample obtained 

from SAXS analysis and the theoretical values of phase C14 Frank-Kasper43 

OA-C16@CeO2 250 C14 FK 

Q  

Å-1 
Q/Q1 Q/Q1 hkl 

0.06 1 1 100 

0.12 2 2 200 

 

From this data, the cell parameters were calculated, a=b~10.5 nm, and c~17.1 nm.  

However, the presence of single functionalized CeO2 NPs is detected by TEM analysis (Figure 4.9). 

 

 

Figure 4.9. TEM image of OA-C16@CeO2 250 (scalebar: 20 nm).  
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SAXS curve and cryo-TEM images of C18@CeO2 250 sample are shown in Figure 4.10. 

 

 

Figure 4.10. SAXS pattern in H2O (A), and cryo-TEM image in D2O (scalebar: 60 nm) of OA-

C18@CeO2 250.  

 

The analysis of SAXS pattern of OA-C18@CeO2 250 revealed, also in this case, Bragg reflections 

typical of a hexagonal phase, with the experimental values of Q/Q1 comparable to that a C14 FK 

phase (Table 4.5). In addition, the analysis of Cryo-TEM images show the presence of a distorted 

compact hexagonal structure with lattice parameters a=b~9.0 nm, c~14.7 nm and θ~115°.  

 

Table 4.5. Comparison between the experimental values of OA-C18@CeO2 250 sample obtained 

from SAXS analysis and the theoretical values of phase C14 Frank-Kasper43 

OA-C18@CeO2 250 C14 FK 

Q 

 Å-1 
Q/Q1 Q/Q1 hkl 

0.062 1 1 100 

0.118 1.892 1.879 103 

0.204 3.286 3.321 205 
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However, in TEM images an organization of OA-C18@CeO2 250 NPs with an angle of about 90° 

between neighboring NPs is also visible (Figure 4.11). 

 

 

Figure 4.11. TEM image of OA-C18@CeO2 250 (scalebar: 20 nm). 

 

The ratios δ/ls, and ls/rc have also been determined for these systems and are reported in Table 4.6. 
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Table 4.6. Experimental values of distance between two neighboring NPs from cryo-TEM dTEM, 

surface-surface distance δ, length of alkyl chain of capping agent ls (calculated using Tanford 

equation), inorganic core rc, δ/ls, and ls/rc ratios of OA-C16@CeO2 250, OA-C18@CeO2 250.  

Sample 
dTEM  

 nm 

δ  

 nm 

ls  

nm 

rc   

nm 
δ/ls ls/rc 

OA-C16@CeO2 250 7.5 ± 0.2 1.7 2.18 2.9 0.77 0.75 

OA-C18@CeO2 250 7.4 ± 0.8 2.2 2.44 2.5 0.90 0.98 

 

 

Considering the ratios presented in Table 4.6, a structure diagram has been constructed, like that 

shown in the Figure 4.6, to compare the morphology of the structures obtained for the different 

superlattices of coated CeO2 NPs (Figure 4.12).  

 

 

Figure 4.12. Structure diagram of OA-Amine@CeO2 NP superlattices. 
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From the structure diagram shown in Figure 4.12, it is clearly visible that coated CeO2 NPs are 

structured in ordered hierarchical structure for ls/rc > 0.5, for δ/lc < 0.7 they have a FCC structure, for 

δ/lc > 0.7 a C14 FK structure. However, in all the cases coexistence of different structures is observed: 

ordered and disordered aggregates as well as single NPs for OA-C16@CeO2 200 and OA-C18@CeO2 

200; C14 FK structure and single NPs for OA-C16@CeO2 250; C14 FK and FCC ordered structures 

for OA-C18@CeO2 250.  

These data show that the order of clusters formed by coated CeO2 NPs increases as the length of the 

alkyl chain of the capping agent increases and the size of inorganic core decreases, also leading, in 

the latter case, to the coexistence of different ordered phases.  

 

4.1.3 Effect of the ratio between nanoparticle suspension and oleic acid concentration 

The effect of the concentration of the NP suspensions, and so the ratio between NPs:OA (mol:mol), 

into NP self-assembly was also investigated. For NPs synthesized with either C16 or C18 at 250 °C, 

50 mM, NPs:OA 70:1 mol:mol (sample 1), 20 mM, NPs:OA 30:1 (sample 2), and 14 mM, 20:1 

mol:mol (sample 3) suspensions were investigated. The previous data refer to 50 mM suspensions.  

 

4.1.3.3 OA-C16@CeO2 250 

SAXS profiles of OA-C16@CeO2 250 at three different concentrations are shown in Figure 4.13 A. 
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Figure 4.13. SAXS patterns of OA-C16@CeO2 250_1, OA-C16@CeO2 250_2, and OA-

C16@CeO2 250_3 in H2O (A) and cryo-TEM image of OA-C16@CeO2 250_2 (scalebar: 80 nm) 

(B), cryo-TEM image of OA-C16@CeO2 250_3 (scalebar: 80 nm) (C) in D2O, and FTT calculated 

on C image (D).  

 

The SAXS profiles of the three systems seem to be completely different because the Bragg peaks are 

at different Q values. Nevertheless, the Q/Q1 ratios for OA-C16@CeO2 250_2, and OA-C16@CeO2 

250_3 agreed with those of OA-C16@CeO2 250_1, and so with a C14 FK phase (Table 4.7).  
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Table 4.7. Comparison between the experimental values of OA-C16@CeO2 250_1, OA-C16@CeO2 

250_2 and OA-C16@CeO2 250_2samples obtained from SAXS analysis and the theoretical values 

of phase C14 Frank-Kasper.43 

OA-C16@CeO2 250_1 OA-C16@CeO2 250_2 OA-C16@CeO2 250_2 C14 FK 

Q 

Å-1 
Q/Q1 

Q 

Å-1 
Q/Q1 

Q 

Å-1 
Q/Q1 Q/Q1 hkl 

0.069 1.00 0.080 1.00 0.079 1.00 1.00 100 

0.120 2.00     2.00 200 

    0.160 2.03 2.03 112 

  0.201 2.50   2.56 203 

    0.216 2.74 2.74 114 

 

Cell parameters calculated from these data are a=b~9.5, and 9.4 nm, and c~15.5, and 15.3 nm for 

OA-C16@CeO2 250_2 and OA-C16@CeO2 250_3, respectively. On the other hand, from analysis of 

cryo-TEM images reported in Figure 4.14 θ = 128±8° and 120±3°, and δ = 7.4±0.7 nm and 7.6±0.6 

nm, for OA-C16@CeO2 250_2 and OA-C16@CeO2 250_3, respectively, were determined.  

 

 

Figure 4.14. Cryo-TEM image of OA-C16@CeO2 250_2 (A), and OA-C16@CeO2 250_3 (B) 

(scalebar: 30 nm) in D2O. 
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However, in Cryo-TEM images of all three sample single NPs and disordered aggregates are also 

present, but probably in such a low amount to not affect SAXS data.  

 

4.1.3.4 OA-C18@CeO2 250 

SAXS profiles and cryo-TEM images of OA-C16@CeO2 250 at three different concentrations are 

shown in Figure 4.15 A. 

 

 

Figure 4.15. SAXS patterns of OA-C18@CeO2 250_1, OA-C18@CeO2 250_2, and OA-

C18@CeO2 250_3 in H2O (A), cryo-TEM image of OA-C16@CeO2 250_1 (scalebar: 100 nm) (B), 

cryo-TEM image of OA-C16@CeO2 250_2 (scalebar: 100 nm) (C), and cryo-TEM image of OA-

C16@CeO2 250_3 (scalebar: 100 nm) (D) in D2O. 
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SAXS profiles of OA-C18@CeO2 250_1 and OA-C18@CeO2 250_2 are perfectly stackable, while 

that of OA-C16@CeO2 250_3 seems to show a different organization, due to a different NPs:OA 

ratio. Nevertheless, the cryo-TEM images of the three different systems show the coexistence of 

several ordered phases. For this reason, the characterization of samples will be done separately. OA-

C18@CeO2 250_1 has been described above. Instead, the SAXS curve and cryo-TEM images of OA-

C18@CeO2 250_2 are shown in Figure 4.16.  

 

 

Figure 4.16. SAXS pattern in H2O (A), cryo-TEM image in D2O (scalebar: 100 nm) (B), enlarged 

section of region marked in B (C), and FTT calculated on C image (D) of OA-C18@CeO2 250_2. 

 

SAXS curve presents features in line with that of OA-C18@CeO2 250_1. In fact, the ratio Q/Q1 is 

comparable with that of a C14 FK phase (Table 4.8), and the angle between two NPs is about 115°, 
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typical of a pseudo-hexagonal phase. For OA-C18@CeO2 250_2, it was possible to calculate the 

Fourier transform (FTT) of selected areas of cryo-TEM images (Figure 4.16 D) thanks to the presence 

of individual layers of NPs. They further confirm the presence of a C14 FK phase. 

Table 4.8. Comparison between the experimental values of OA-C18@CeO2 250_2 sample obtained 

from SAXS analysis and the theoretical values of phase C14 Frank-Kasper.43 

OA-C18@CeO2 250_2 C14 FK 

Q 

Å-1 
Q/Q1 Q/Q1 hkl 

0.063 1 1 100 

0.117 1.862 1.879 103 

0.203 3.238 3.321 205 

 

Interestingly, by decreasing the NP concentration to 14 mM, NPs:OA 20:1 mol:mol (OA-C18@CeO2 

250_3), the SAXS pattern changes with respect to systems at higher NP concentrations (Figure 4.17). 
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Figure 4.17. SAXS pattern in H2O (A), cryo-TEM image in D2= (scalebar: 100 nm) (B), enlarged 

section of region marked in B (C), and FTT calculated on C image (D) of OA-C18@CeO2 250_3. 

 

The SAXS pattern of OA-C18@CeO2 250_3 revealed Bragg reflections consistent with an FCC 

(Table 4.9) symmetry and a unit cell dimension a~14.3 nm. The presence of an FCC phase is 

detectable in the TEM images of this sample and the corresponding FTT (Figure 4.17 D). Also, the 

cryo-TEM image reveals features in line with SAXS data (Figure 4.17 B and C). The region 

highlighted in Figure 4.18 C shows orthogonal NP rows with a distance between two neighboring 

NPs of about 7.15 nm, consistently with the projection along the c axis of an FCC lattice having an 

axis a~14.3 nm.  
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Table 4.9. Comparison between the experimental values of OA-C18@CeO2 250_3 sample obtained 

from SAXS analysis and the theoretical values of phase C14 Frank-Kasper.43 

OA-C18@CeO2 250_3 FCC 

Q 

Å-1 
Q/Q1 Q/Q1 hkl 

0.077 1 1 111 

0.088 1.14 1.15 200 

0.126 1.63 1.63 220 

0.149 1.93 1.91 311 

0.195 2.53 2.58 420 

 

TEM and cryo-TEM images suggest that FCC and C14 FK phases coexisted in OA-C18@CeO2 250 

systems irrespective of the concentration of NP suspensions. However, the C14 FK phase prevails at 

higher concentrations, while the FCC phase at lower ones. These findings can be explained by 

considering that, differently from the hard spheres, the conformational flexibility provided by the soft 

shell of decorated NPs can favor a greater adaptation to the local constraints thus inducing the 

coexistence of two phases (FCC and C14 FK) with comparable thermodynamic stability.100 

The ordered superlattices obtained under all the conditions considered are stable with the variation of 

the temperature. For this purpose, the SAXS patterns of sample OA-C18@CeO2 250_2 at different 

temperatures are shown in the Figure 4.18. 
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Figure 4.18. SAXS patterns at different temperatures of OA-C18@CeO2 250_2. 

 

Furthermore, the OA-C18@CeO2 250 system is stable for longer time, as can be seen from a DLS 

analysis (Figure 4.19). 

 

 

Figure 4.19. Hydrodynamic radius distribution over time of OA-C18@CeO2 250_1, OA-

C18@CeO2 250_2, and OA-C18@CeO2 250_3 in H2O.  
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4.2 Interaction potential of coated CeO2 NPs 

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

that describes the total interaction potential between NPs is the Extended Derjaguin-Landau-Verwey-

Overbeek theory (XDLVO), as described in Chapter 1. 

In this thesis work, the total interaction potential of coated-CeO2 NPs as well as individual 

contributions to it were determined for two neighboring nanoparticles in a range distance 5-30 nm, 

by using MATLAB calculation software. In this way, an interaction potential curves were obtained 

and from the minimum of the curve it was possible to calculate the theoretical distance between two 

neighboring NPs. Subsequently, by imposing the experimental distance determined by SAXS and 

cryo-TEM measurements, the potential of the systems was calculated and compared with the 

theoretical values.  

It is worth to underline that it has been considered the simplest monodimensional case of two 

interacting coated-CeO2 NPs.  

The parameters used in the calculations are a combination of experimental, theoretical, and 

extrapolated data. For example, for calculation of the Hamaker constants (A) for ligands that interact 

through the vacuum were calculated from constant for chains C10, C12, C16, and C18 extrapolated 

from tabulated data of Hamaker constants for alkyl chains of different lengths.31 For the elastic 

contribution, it was chosen to approximate the parameter ϕ to 1, assuming that the CeO2 NPs were 

completely covered by the capping agent. For the osmotic contribution, the individual interaction 

parameters of Flory-Huggins (χ) were calculated, considering the molar enthalpy of vaporization, 

using the theory of Hildebrand.101 Finally, for the hydrophobic contribution, the hydrophobic decay 

length was assumed equal to 1 nm, while the hydrophobic efficiency factor equal to 0, considering 

the maximum hydrophobic interactions. Table 4.10 shows the values used for the different systems. 
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Table 4.10. Value of inorganic core radius rc, length of alkyl chain of capping agent ls, Hamaker 

constant A, and Flory-Huggin’s parameter χ. 

Sample 
rc 

nm 

ls 

nm 

A 10-21 

J 
χ 

OA-C10@CeO2 200 3.0 1.42 2.2 7.00 

OA-C12@CeO2 200 3.8 1.67 2.7 7.31 

OA-C16@CeO2 200 4.4 2.18 3.9 7.20 

OA-C18@CeO2 200 4.2 2.44 4.4 12.70 

OA-C16@CeO2 250 2.9 2.18 3.9 7.20 

OA-C18@CeO2 250 2.5 2.44 4.4 12.70 

 

The trend of the various contributions to the total potential is the same for all samples, as an example, 

the graph of sample OA-C10@CeO2 200 is shown in Figure 4.20. 
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Figure 4.20. Total interaction potential of OA-C10@CeO2 200 (green line) using the XDLVO 

theory.  
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Table 4.11. Values of minimum total potential Φtot, surface-surface theoretical distance δt, theoretical 

distance between two neighboring nanoparticles dt of OA-C10@CeO2 200, OA-C12@CeO2 200, 

OA-C16@CeO2 200, OA-C18@CeO2 200, OA-C16@CeO2 250, OA-C18@CeO2 250. 

Sample 
Φtot  

J/kT 

δt 

 nm 

dt  

 nm 

OA-C10@CeO2 200 -11.33 1.17 7.17 

OA-C12@CeO2 200 -13.79 0.69 8.29 

OA-C16@CeO2 200 -21.86 0.69 9.49 

OA-C18@CeO2 200 -51.87 0.56 8.96 

OA-C16@CeO2 250 -21.94 0.81 6.61 

OA-C18@CeO2 250 -51.90 0.55 5.55 

 

For samples synthesized at 200 °C, a well-defined trend is observed, that is, as the length of the alkyl 

chain increases, the minimum potential moves to lower and lower values and to smaller and smaller 

surface-surface distances. This means that the attractive interactions predominate. To better 

appreciate this trend the curve of the total potentials of these systems are reported in Figure 4.22. In 

addition, the theoretical values of the systems OA-C16@CeO2 250 and OA-C18@CeO2 250 are very 

close to those of OA-C16@CeO2 200 and OA-C18@CeO2 200, for this reason, the curves of these 

two systems have not been reported in the Figure 4.21.  
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Figure 4.21. Total potential Φtot calculated using XDLVO theory.  

Finally, by imposing the experimental distance between two neighboring coated CeO2 NPs, the value 

of the minimum potential has been calculated and compared with theoretical values reported above 

(Table 4.12). 

Table 4.12. Values of theoretical total potential ΦtotT, and experimental total potential ΦtotE 

Sample 
ΦtotT  

J / kT 

 ΦtotE 

J / kT 

OA-C10@CeO2 200 -11.33 -9.48 

OA-C12@CeO2 200 -13.79 -11.54 

OA-C16@CeO2 200 -21.86 -18.36 

OA-C18@CeO2 200 -51.87 -43.41 

OA-C16@CeO2 250 -21.94 -18.36 

OA-C18@CeO2 250 -51.90 -43.43 

 

The data shows that the experimental and theoretical values similar. Experimental distance led to a 

distance between two NPs close to the theoretical minimal of the total potential.  
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4.3 Effect of a functionalizing molecule with a net charge 

How the nature of the functionalizing molecule affects the process of self-assembly of CeO2 NPs 

have been studied, focusing on sodium oleate (NaOA), since it shares a very similar molecular 

structure with OA but bears a net negative charge. C18@CeO2 250 showed the most interesting self-

assembly behaviour (i.e., the ordered 3D superlattice were stable in water suspension for about 20 

days, and as the NPs:OA ratio changed, an ordered phase inversion occurred), they have been chosen 

to analyze the effect of the functionalizing molecule.  

Three different samples were prepared, NaOA-C18@CeO2 250_1, NaOA-C18@CeO2 250_2, and 

NaOA-C18@CeO2 250_3, to study the effect of different NPs:NaOA ratios. The ratios considered 

are the same used for OA-C18@CeO2 250. The suspensions obtained were analyzed by means of 

DLS, TEM, and SANS.  

First, DLS measurements were performed on the three systems to assess the formation of suspended 

aggregates (Figure 4.22 A) and to assess their stability over time (Figure 4.22 B).  

 

Figure 4.22. Hydrodynamic radius distribution of NaOA-C18@CeO2 250_1, NaOA-C18@CeO2 

250_2, and NaOA-C18@CeO2 250_3 at day 1 (A), and hydrodynamic radius distribution over time 

of NaOA-C18@CeO2 250_1, NaOA-C18@CeO2 250_2, and NaOA-C18@CeO2 250_3 (B) in H2O.  

 

DLS measurements show that aggregates with a hydrodynamic radius of about 21 nm are obtained 

independently of the NPs:NaOA ratio (Figure 4.23 A). When functionalized with NaOA NPs form 

smaller aggregates than when functionalized with OA. This suggests that the use of two different 

functionalizing molecules can affect the NP self-assembly.  
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Aggregate dimensions increase with time (Figure 4.23 B) differently from what occurs with OA-

C18@CeO2 250. OA seems to stabilize the (ordered) NP aggregates better than NaOA.  

The morphology of the NaOA-C18@CeO2 250 aggregates was characterized by means of TEM 

(Figure 4.23).  

 

 

Figure 4.23. TEM images of NaOA-C18@CeO2 250_2 scalebar: 100 nm (A), and scalebar: 20 nm 

(B).  

 

All systems functionalized with NaOA presented disordered aggregates. 

This finding indicates that in addition to the radius of the inorganic core and the length of the alkyl 

chain of the capping agent, also the charge of the functionalizing molecules plays a crucial role in NP 

self-assembly.  

The structural features of the two kinds of aggregates were also investigated by means of SANS. As 

an example, the comparison between the SANS profiles of the OA-C18@CeO2 250_3 and NaOA-

C18@CeO2 250_3 are shown in Figure 4.24.  
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Figure 4.24. SANS curves of OA-C18@CeO2 250_3, and NaOA-C18@CeO2 250_3 in D2O. 

 

The two curves are completely different, indicating that the two systems are organized differently. 

Considering results obtained from SAXS and cryo-TEM analysis, the SANS data of OA-C18@CeO2 

250_3 have been fitted using a combination of two models: power law and FCC (Figure 4.25). The 

core radius rc and the distance δ between two neighboring NPs were obtained from the fitting (Table 

4.13). The rc is about 2.25 nm in good agreement with the <R> of synthesized C18@CeO2 NPs 

obtained from statistical analysis of TEM images, the distance value δ is about 3.5 nm. Notably this 

value is less than the length of two alkyl chains (~5 nm), indicating that an interpenetration between 

alkyl chains of the organic layer of two neighboring NPs occurs.  
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Figure 4.25. SANS data of OA-C18@CeO2 250_3 (purple circles) and fitting curve (blue line) in 

D2O (A); 3D schematic representation of FCC structure (B); cartoon of the amphiphilic molecule 

(C); schematic representation of interpenetration of two neighboring NPs (D). 

 

SANS data of NaOA-C18@CeO2 250_3 have been fitted by combining two other models: power law 

and core-shell (Figure 4.26). In this respect, the slope is about 3, typical of disordered aggregate. The 

core radius of NaOA-C18@CeO2 250_3 well agree with results obtained for OA-C18@CeO2 250_3, 

on the other hand, the thickness of the organic shell is about 4.7 nm. This indicates that the CeO2 core 

is coated with two amphiphilic molecules. In this regard, by also fitting the scattering length density 

SLD of the shell it was possible to determine that it consists of 50% C18 and 50% NaOA (Table 

4.13).  
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Figure 4.26. SANS data of NaOA-C18@CeO2 250_3 (pink circles) and fitting curve (blue line) in 

D2O (A); cartoon of disordered aggregate (B); cartoon of core-shell NPs (C). 

 

Table 4.13. Values of core radius rc, distance between two neighboring NPs δ, thickness, scattering 

length density SLD obtained from fitting of SANS data. 

Sample 
rc 

Å 

δ 

 Å 

Thickness 

 Å 

SLDcore 

10-6  Å-2 

SLDshell 

10-6  Å-2 

SLDsolv 

10-6  Å-2 
XC18 XOA XNaOA XD2O XH20 

OA-
C18@CeO2 

22.5±0.3 35±2  4.36±0.03 0.017±0.001 4.151±0.002 0.5 0.5  0.7 0.3 

NaOA-

C18@CeO2 
25.92±0.12  47.0±0.2 4.37±0.02 0.016±0.002 4.150±0.002 0.5  0.5 0.7 0.3 

 

SANS curves are perfectly overlapping for the three NaOA-C18@CeO2 250 samples. This means 

that, unlike OA-C18@CeO2 250 samples, the ratio NPs:NaOA does not affect the structure of 

aggregates.  
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4.4. Photoluminescence properties: ordered vs disordered aggregates 

The emission properties of CeO2 NPs structured in ordered and disordered aggregates have been 

studied by means of photoluminescence (PLE). Figure 4.27 shows PLE maps of OA-C18@CeO2 

250_1, NaOA-C18@CeO2 250_2, OA-OL@CeO2 250_2 and NaOA-C18@CeO2 250_2 (Panels A, 

B, D and E, respectively), along with a comparison of the PL spectra using comparable intensity units 

obtained at the same excitation wavelength (λexc = 380 nm). The signal-to-noise ratio of 14 mM CeO2 

NPs concentrations was too low to allow a satisfactory analysis of the data. Here, by “PLE map” it is 

meant the superposition of PL intensity spectra obtained at different values of excitation spectra, i.e., 

the quantity I (λPL, λexc), where 𝐼 is the measured PL signal expressed in counts-per-second (cps) units, 

λPL is the photoluminescence (i.e., emission) wavelength,and λexc is the excitation wavelength. It is to 

be noted that the short wavelength spectral tails of photoluminescence (i.e., wavelength shorter than 

420 nm) are absent from the maps and graphs of Figure 4.27, due to the need of using a longwave-

pass sharp cut-off filter to block the excitation stray light and residual Raman emission generated by 

the liquid waveguide. 
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Figure 4.27. The upper row (Figures A, B and C) refers to the experimental data obtained for the 

structured (OA-C18@CeO2 250_1) and disordered aggregates (NaOA-C18@CeO2 250_1) 

suspensions with 50 mM NPs concentration. (A): PLE intensity maps of OA-C18@CeO2 250_1, 

(B): PLE intensity map of NaOA-C18@CeO2 250_1, (C) PL spectra of the two samples obtained 

for 380 nm excitation. The lower row (Figures D, E and F) represents the same quantities obtained 

for the suspensions of 20 mM concentrations, i.e. (D): PLE intensity maps of OA-C18@CeO2 

250_2, (E): PLE intensity map of NaOA-C18@CeO2 250_2, (F) PL spectra of the two samples 

obtained for 380 nm excitation.  

 

The top row of Figure 4.27 reports data all referring to the samples of suspension whose concentration 

of CeO2 was 50 mM, while the bottom row refers to 20 mM suspensions. The first two maps (Panels 

A and B) allow to compare the PLE intensity maps obtained for the Frank-Kasper structured 

superlattice (Figure 4.27 A) and for disordered aggregates (Figure 4.27 B). Given the close similarity 

of the maps, it can be inferred that, the qualitative features of the excitation-emission phenomena are 

the same for the two systems, on the other hand a much higher PL emission is detected for the ordered 

superlattices with respect to disordered aggregates, as clearly shown from comparison of spectra 

obtained by exciting at 380 nm (Figure 4.27 C). The same behavior is envisaged for samples at 20 

mM NP concentration.  

The data indicate a specific relationship between the enhancement of PL intensity and the aggregation 

of the CeO2 nanoparticles in ordered aggregates. Some hypotheses about the nature of such 

correlation can be proposed.  
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The occurrence of an amplification of luminescence intensity caused by the aggregation of individual 

luminophores has been observed in some classes of organic molecules and schematized in the so-

called phenomenon of AIEE (namely: “aggregation-induced emission enhancement”), firstly reported 

in the case of helix-shaped organic molecules.102 AIEE has been described as the consequence of the 

suppression of non-radiative decays of excited states of the molecules, caused by aggregation-induced 

inhibition of molecular rotation.103,104 Obviously, this mechanism cannot be invoked in cases such as 

ours where the luminophores are semiconductor nanoparticles, whose PL emission intensity is 

typically regulated by the density of non-radiative traps. However, the experimental evidence and the 

analogy with AIEE suggests that some aggregation-related mechanism that quenches the non-

radiative recombination and/or enhances the radiative recombination charge carriers in CeO2 shall be 

at work.  

Interestingly, a similar phenomenon was described by Jassby and Wiesner in their work about the 

aggregation-induced PL enhancement in ZnS nanoparticles.54,105 The authors found out that 

aggregation favors the band-edge PL of ZnS nanoparticles, a phenomenon that they proposed to be 

caused by the reduction of surface tension of the semiconductor nanocrystals determined by the 

increase in the van der Waals forces caused by particle aggregation. They in fact argued that the 

decrease of surface tension in the crystal, has been often associated to an increase in the PL emission 

due to reduction of strain caused by point defects and consequent decrease in the number of electron 

traps acting as non-radiative centers.54,105 The role of electron traps is played by sulfur vacancies in 

ZnS, and more in general by oxygen vacancies in a metal oxide. Specifically, lattice strain favors the 

formation of O vacancies on CeO2 surfaces,106 so that the mechanism observed for ZnS can be 

suggested to occur also in our case. Moreover, as also pointed out by Jassby and coworkers,107 NPs 

aggregation can also determine the passivation of surface traps and dangling bonds caused by the 

presence of neighboring particles in the close-packed Frank-Kasper aggregate, again determining a 

decrease in the probability of non-radiative electron-hole recombination.  

As another possible interpretation for the phenomenon, it can be due by an improvement in the 

excitation efficiency caused by Foster resonant energy transfer. The emission of the isolated CeO2 

particle is of course proportional to its absorption cross-section. Hence, isolated NPs floating in 

suspension will be able to convert the excitation energy into PL emission only proportionally to the 

photons absorbed by them. However, once the NPs are closely packed forming the Frank-Kasper 

superlattice, with an interparticle distance of the order 1-2 nm intercalated by the amphiphilic 

molecules, the absorption cross section of these latter can also contribute indirectly to PL via Förster 

energy transfer. This kind of indirect PL excitation is well known, for example, in case where the 
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emission of small luminophores, e.g., lanthanide ions, is amplified by the “antenna effect” operated 

by neighboring donor species.108,109 In this case, the amphiphiles can act as donor species. It is worth 

remembering that Förster energy transfer occurs at an efficiency proportional to the inverse sixth 

power of the distance between donor and acceptors, so that only at very close distances the 

amplification effect shall be relevant.  
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The aim of this section of the Ph.D. project was to rationalize the geometric and energy parameters 

capable of driving on ordered self-assembly of coated CeO2 NPs, and study how an ordered 

superlattice of semiconductor NPs could amplify its properties.  

To achieve these objectives, CeO2 NPs have been synthesized through the thermal decomposition of 

Ce(NO3)3 ּ6H2O, varying the synthesis temperature (150, 200, and 250 °C) and the length of the alkyl 

chain of the capping agent (C8, C10, C12, C16, and C18 amines). All synthesis conditions lead to the 

formation of crystalline NPs, with a typical fluorite structure of CeO2. The Ce3+/Ce4+ ratio, which 

influences the properties of CeO2 NPs, varies between 0.35 and 0.57. The minimum value is observed 

for C10@ CeO2 150 and the maximum value for the system C10@ CeO2 200.  

The presence of an organic coating on the surface of CeO2 NPs was evident from the good dispersion 

in organic solvents, from the halo at low 2θ values in XRD spectra, and from the C-C and C-H signals 

present in XPS spectra. However, IR analysis confirmed the presence of an organic coating on the 

surface of CeO2 by detecting simultaneously the characteristic peaks of the metal oxide at about 460 

and 770 cm-1 and those of CH (2800-3000 cm-1) and CH2 (1460-1500 cm-1) of the alkyl chains.  

After the determination of the crystalline nature of the inorganic core, the presence of defects and the 

co-presence of the inorganic core and the organic coating; the shape, the size, and the tendency to 

self-aggregation were determined. Modular these last three parameters mean allow obtaining ordered 

or disordered 3D superstructures. All CeO2 NPs synthesized at 150 °C, regardless of the capping 

agent used, exhibit irregular morphology, with an average dimension between 8 and 20 nm, and a 

strong tendency to self-aggregation, as confirmed by hydrodynamic radii between 70 and 920 nm. 

By increasing the synthesis temperature from 150 to 200 °C, the size of the aggregates in chloroform 

decreases significantly, as well as the average size of the individual inorganic cores, which was 

between 6 and 8 nm. Moreover, to have a single monodisperse coated CeO2 NPs in organic suspension 

(Rh~5 nm, and <R>~2.5 nm), the synthesis was realized at 250 °C and using oleylamine (C18, ls=2.4 

nm) as capping agent. This was also the only case where coated CeO2 NPs were perfectly spherical.  

To induce the self-assembly, CeO2 NPs coated with a first organic layer of amines with different 

length of alkyl chains (C10, C12, C16, and C18) and synthesized at 200 and 250 °C, have been 

functionalized with oleic acid (OA), which is one of the most widely used amphiphilic molecules for 

the functionalization of metal oxide NPs. Functionalization of CeO2 NPs coated with shorter chain 

amines, namely the OA-C10@CeO2 200 and OA-C12@CeO2 200 systems, leads to the formation of 

disordered aggregates in aqueous suspension. NPs in these systems are also in a situation of energy 

instability, in fact, the distance between two neighboring NPs calculated from the minimum of 
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potentials is different from that found experimentally. Only the longer chain amine coated systems, 

namely OA-C16@CeO2 200, OA-C18@CeO2 200, OA-C16@CeO2 250, and OA-C18@CeO2 250, 

are in a more favorable energy condition. However, the systems OA-C16@CeO2 200 and OA-

C16@CeO2 250 present together with ordered aggregates, also disordered aggregates, and single 

functionalized NPs. On the other hand, the OA-C18@CeO2 200 system has a coexistence of two 

phases, face centered cubic phase (FCC) and a pseudo hexagonal phase Frank-Kasper (C14 FK). For 

these samples, OA-C16@CeO2 200, OA-C16@CeO2 250, and OA-C18@CeO2 200, also by varying 

the NPs:OA ratio the system structuring does not vary. OA-C18@CeO2 250, on the other hand, 

presents a more particular situation. When the concentration of C18@CeO2 NPs is 50 or 20 mM, a 

C14 FK phase is most noticeable, characterized by the cell parameters a=b~9 nm, c~14.7 and θ~115°, 

instead for concentration of 14 mM, and FCC phase is most present, with cell parameters a~14.3, and 

θ~90°. The simultaneous presence of the two phases is also confirmed by the rc/ls ratio of about 0.96 

and δ/ls of about 1.6. Furthermore, the OA-C18@CeO2 250 has stable 3D ordered superlattice in 

water suspension for about 20 days, with dimensions ranging between 160 and 350 nm.  

The C18@CeO2 250 sample functionalized with OA was found to be the most interesting system. 

For these reasons, the C18@CeO2 250 system was also functionalized with sodium oleate (NaOA), 

to study how the functionalizing molecule with a net charge affected the process of self-assembly of 

CeO2 NPs. The functionalization with NaOA forms disordered aggregates with a hydrodynamic 

radius of about 20 nm. This means that, although the same C18@CeO2 250 (Rh~5 nm) are used in 

both cases, the use of two different molecules, an acid (OA), and a salt (NaOA), can affect the NP 

self-assembly. It is also very interesting to note how over time the two systems differ. In fact, 

evaluating the evolution of Rh over time, it can be observed how the functionalization with OA 

stabilizes the ordered 3D superlattice, with a dimension which remained constant, for 20 days. 

Instead, considering the same time frame, the functionalized system with NaOA tends to aggregate. 

The Rh of NaOA-C18@CeO2 250 increase from about 21 to about 37 nm, for all C18@CeO2:NaOA 

ratio. In addition, the presence of disordered aggregates in the case of NaOA-C18@CeO2 250 means 

that in addition to the radius of the inorganic core and the length of alkyl chain of capping agent, 

another important contribution is the electrostatic one in driving the ordered self-assembly. This 

contribution depends on the surface charge, stronger is this charge greater is the repulsion between 

NPs, and therefore less the possibility of inter-digitalization between the alkyl chain of the organic 

coating that stabilize the formation of ordered structures.  

The interpenetration of the alkyl chains in the case of the formation of ordered 3D superlattice is 

confirmed by the thickness of the organic shell (δ~3.5 nm) obtained from the fitting of the SANS data 
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of the OA- C18@CeO2 250 systems. This value is less than the length of two alkyl chains (~5 nm), 

this demonstrated that there is an interpenetration between alkyl chains of the organic layer of two 

neighboring NPs. A core-shell structure, instead, is observed for NaOA- C18@CeO2 250 systems.  

Finally, it has been shown that an ordered organization can amplify the photoluminescence intensity 

of coated CeO2 NPs by about 400% compared to a disordered organization. This can be interpreted 

considering a decrease in the probability of nonradiative recombination between electrons and holes 

or an improvement in excitation efficiency due to Förster Resonant Energy Transfer.  

These results will lead to the development of superlattices with novel properties that will enable the 

use of nanoparticles in increasingly innovative technologies. 
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Section B 

Aptasensor 
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Chapter 1 

Fluorescent NPs for technological applications  
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1.1 Zinc Oxide Nanoparticles 

Zinc oxide (ZnO) is one of the most important metal oxide materials. It is a II-VI semiconductor with 

a bonding energy of 60 meV and a direct wide bandgap of about 3.37 eV.17,110 Reducing its size at 

the nanometer level its optical properties further increase. 

Zinc oxide nanoparticles can exist in three forms: rocksalt, zincblende, and wurtzite (Figure 1.1). The 

rocksalt is a crystalline structure characterized by a face-centered cubic packaging of O2- anions, with 

octahedral sites occupied by Zn2+ cations, while tetrahedral sites are empty. On the other hand, the 

crystalline form of zincblende is a face-centered cubic structure of O2- anions, while Zn2+ cations 

occupy the tetrahedral interstices. Finally, the wurtzite crystalline form presents a hexagonal lattice 

with two interconnected sub-lattices consisting of Zn2+ and O2-, where the Zn2+ cations are surrounded 

by O2- anions with a tetragonal configuration. This spatial organization generates a polar symmetry 

along the hexagonal axis, which is responsible for many physico-chemical properties of ZnO NPs 

and the generation of defects that are directly related to the optical properties of the material.17,111  

 

 

Figure 1.1. Rocksalt, Zincblende, and Wurzite structures of ZnO, blue and white balls represent 

zinc and oxygen, respectively. 

 

The wurtzite form is the thermodynamically stable form of ZnO. This crystalline form belongs to the 

space group P63mc whose elemental cell is characterized by the parameters a=0.325 nm and c=0.521 

nm with a ratio c/a= 1.6 very close to the value of c/a=1.633 of the perfect hexagonal elemental 

cell.112 Nonetheless, the presence of empty octahedral sites in the crystalline structure determines the 

presence of intrinsic defects, such as oxygen vacancies Vo or interstitial zinc Zni, or extrinsic, as 

dopants.113 The formation of these defects in the NP crystalline structure is strongly influenced by the 

NP synthesis temperature and the partial pressure of zinc and oxygen in the reaction environment. In 
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particular, Zni defects are predominant when the reaction environment is rich in zinc vapors, while 

Vo predominate when partial pressures of zinc and oxygen are low.114,115 This latter point is crucial 

for the design of ZnO nanostructures because vacancies play a major role in the electrical and thermal 

transport as well as the mechanical behavior of materials. 

 

1.1.1 Synthesis and doping 

ZnO NPs, like CeO2 NPs, can be synthesized by physical, chemical, and biological methods, as shown 

in Figure 1.2. 

 

 

Figure 1.2. Various methods of synthesizing ZnO NPs.  

 

Different synthesis methods or variations of the same method, such as changes of precursor, 

temperature, pH, reaction time, or oxygen partial pressure, lead to NPs with different structural 

features. The sol-gel method, for example, is a wet chemical method that provides NPs with a large 

surface area and surface stability. In 2019, Ismail et al116 prepared rod-like ZnO NPs by sol-gel 

treatment of zinc acetate dehydrate with NaOH and polyethylene glycol. Starting from the same 

precursor, in 2020, Chandeker et al.117 prepared oval La-doped ZnO NPs through the combustion 
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method, a simple, efficient, and quick method that can take place in liquid, solid, or gas phases. Using 

the zinc acetate dehydrate as precursor, spherical and rod-like NPs were prepared through the 

hydrothermal method as well as more complex shapes, such as nanoflowers.118 

To improve the performance of ZnO NPs, doping agents may be added during the synthesis. The ion 

radius of the doping agent must be similar to that of the ion it replaces, so the crystalline lattice does 

not distort.119 Generally, two types of doping of a semiconductor exist: n or p. In the first case, the 

doping agent is an electron donor, in the second one it is an electron acceptor. In the case of ZnO 

NPs, n-type doping can be performed by replacing Zn with elements belonging to the III group, such 

as aluminum (Al), gallium (Ga), and indium (In), or by replacing oxygen atoms with elements of the 

VII group, such as fluorine (F) or chlorine (Cl).120,121 P-type doping, on the other hand, is difficult for 

ZnO NPs. One of the most widely used doping agents in the case of ZnO NPs is fluorine, both because 

it has an ionic radius of about 0.132 nm, identical to that of oxygen (0.132 nm), both because it act 

as a donor, if it occupies Vo, as an acceptor, if it occupies an interstitial site (Figure 1.3).122 The doping 

of ZnO NPs with fluorine increases the electrical conductivity of the nanomaterial and its 

fluorescence emission.123,124 

 

 

Figure 1.3. Schematic representation of oxygen vacancies (Vo) formation, and fluorine (F) doping 

in a wurtzite structure. Blue, white, and purple balls indicate zinc, oxygen, and fluorine, 

respectively. 

 

1.1.2 Properties and applications 

The higher thermal stability, toughness, and durability of ZnO NPs with respect to NP of other oxides 

justifies their extensive use.17 Moreover, by changing the size, morphology, and defects it is possible 

to change their properties and so their applications.  
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For example, as the size of ZnO NPs decreases their antibacterial activity increases. In fact, varying 

the size of NPs, varying concentrations of defects can modulate the concentration of Reactive Oxygen 

Species, which causing the death of bacteria, and the apoptosis of cancer cells.125  

In addition to the biomedical field, ZnO NPs are also used in cosmetics, for example in sunscreens 

because they are UV-blocker,126 and in toothpaste as anti-sensitivity agents.18 

ZnO NPs are used in the construction of solar cells and LEDs because they are charge conservators 

and have a large bandgap.127 They are also used in the rubber industry, as fillers, because they catalyze 

the vulcanization reaction.128  

Furthermore, ZnO NPs have a high isoelectric point (about 9.5), therefore, they can establish 

electrostatic interactions with materials that have an inferior isoelectric point, biological molecules, 

such as proteins.129 The excellent optical properties of ZnO NPs and the ability to easily interact with 

biological molecules, make this nanomaterial an excellent candidate for the realization of transducers 

for optical biosensors.130 

Some of these applications are shown in figure 1.4. 

 

 

Figure 1.4. Examples of ZnO NPs applications. 
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1.2 Biosensor 

A biosensor is an analytical device capable of converting a biological response into a measurable 

signal proportional to the analyte concentration.131–136 

The biological recognition system, usually consisting of a receptor protein, enzyme, or antibody, is 

based either on the catalytic transformation of a substance or on the detection of inhibitory enzymes 

or mediators. This system has the function of transferring biological information in a detectable 

physical or chemical signal.137  

Despite the first biosensor was developed already in 1956 by Leland C. Clark Jr., the so-called Clark’s 

electrode, consisting of two electrodes (Pt and Ag/AgCl) capable of measuring the concentration of 

oxygen in water and biological fluids,131 an impressive growth of biosensor developments started 

only in the 90s, with the industrialization of production processes.132 Then, biosensors spread rapidly 

since they overcome the limitations of chemical sensors, based on conventional analytical 

methodologies. In fact, chemical sensors require expensive analysis methods, long analysis times, 

and the preliminary use of separation techniques due to inherent difficulties in analyzing complex 

matrices.133,134  

 

1.2.1 Structures and types 

A typical biosensor consists of four main parts: a bioreceptor, a transducer, electronics, and a display 

(Figure 1.5). The bioreceptor is a biomolecule capable of selectively recognizing the analyte, this 

interaction is known as biorecognition. The most widely used biomolecules are enzymes, 

oligonucleotides, and aptamers, which are short single-chain oligonucleotide sequences consisting of 

between 20 and 100 nucleotides.138,139 The transducer is the element able to convert the biological 

signal into a measurable signal, it can be of various types, for example optical, piezoelectric, 

electrochemical. Electronics is the part of the sensor that processes the transduced signal. The display 

shows the results obtained.131 
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Figure 1.5 Schematic representation of a biosensor.  

 

In order to be usable, a biosensor has to satisfy some requirements. It must be sensitive to changes in 

analyte concentration and be selective towards a specific analyte, must be characterized by a low 

detection limit and high resolution, must be stable for a long time, and have a long-life cycle. All 

these parameters define the efficiency of the biosensor.140 

Biosensors can be classified according to different criteria, the most widely used criterion is based on 

the physico-chemical transduction method, such as electrochemical, mass, thermal, optical.141,142 The 

most used biosensors are electrochemical ones, because they have a low cost, a very low detection 

limit, high selectivity, ease of construction and use, and can be used even for small sample volumes. 

Mass biosensors exploit mass variations to detect the analyte of interest; thermal ones are based on 

detection and quantification of thermal variations that occur during the biorecognition processes, 

finally, optical biosensors are based on the measurement of the light absorbed or emitted after the 

occurrence of the biorecognition phenomenon. In recent years, thanks to the synthesis of increasingly 

performing NPs, which can be used as transducers, optical biosensors have widely developed, 

because they feature high sensitivity and ease of use.141,143  

An important issue to consider in the design of a biosensor is the instability of the bioreceptor, which 

is subject to denaturation. Increasing the stability of biomolecules is one of the main objectives in the 

development of a biosensor. This can be achieved by a proper choice of the optical protocol to 

immobilize the biomolecule (i.e., enzyme, antibody, oligonucleotide, aptamer) on the active 

transducer sites, such as ZnO NPs.  



98 

 

Immobilization strategies can be physical or chemical and can also improve the efficiency of the 

biomolecule, for example in the case of enzymes, immobilization on nanostructures improves 

resistance to changes in pH and temperature.144  

Chemical immobilization involves a first step of activation of the transducer, and a second step in 

which the activated transducer is linked to the biomolecule, directly through a covalent bond or by 

means of a cross-linker, a molecule, generally glutaraldehyde or (3-aminopropyl)triethoxysilane, that 

stably bonds the transducer and the biomolecule.145 

Physical immobilization exploits the trapping of the biomolecule in polymeric matrices or its 

reversible adsorption on the transducer, through van der Waals, hydrogen bonds, electrostatic or 

hydrophobic interactions. In the first case, the deactivation of the biomolecule can occur; on the other 

hand, absorption avoids the use of additional reagents and pre-functional steps and has a low cost. 

However, the lack of strong interactions between the transducer and the biomolecule can make the 

system unstable to changes in pH, temperature, and ionic force.144,146 

In the case of optical biosensors using ZnO NPs as transducers and biomolecules, such as aptamers, 

physical immobilization seems to be the most promising study.  

 

1.2.2 Applications 

Biosensors are important devices to measure an extensive spectrum of analytes like gases, organic 

compounds, bacteria, and ions therefore are widely used in various fields, including medical, 

agricultural, environmental, and food (Figure 1.6).135  

 

 

Figure 1.6 Examples of biosensors applications. 



99 

 

Biosensors are used in the medical field because they quickly and accurately detect markers of highly 

dangerous diseases for humans, such as tumors, allowing an early diagnosis to be formulated, but are 

also used for the detection of high blood glucose values in diabetics.139  

In the food field, they are used because they can detect in real-time the gases released from spoiled 

food.147  

Finally, biosensors are used in the environmental field because they can detect pollutants, such as 

pesticides, potentially toxic elements, pathogens, toxins, in different types of environments, such as 

water, soil, air.148 But are also used for the detection of chemical or bacteriological weapons.135 
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Chapter 2 

F-doped ZnO NPs: synthesis and film deposition 
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ZnO NPs were prepared by means of a wet phase synthesis using different amounts of fluorine (F), 

from 0 to 20 % at, as doping agent to evaluate the optimal F amount able to produce an increase of 

the fluorescence emission of NPs. The NPs that showed the best optical properties were than used to 

set up an aptasensor, through deposition on silicon or glass supports.  

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

2.1 Synthesis of ZnO NPs 

 

2.1.1 Materials 

Zinc acetate dihydrate (ZAD) Zn(CH3COO2)·2H2O (≥ 99% purity), ammonium hydrogen difluoride 

NH4HF2 (≥ 99.999% purity), sodium hydroxide KOH (≥ 85% purity), quinine sulfate monohydrate 

C20H24N2O2·H2SO4·H2O (90% purity), methanol (≥ 99.8% purity) were purchased from Merk 

(Germany) and used without further purification.  

 

2.1.2 Synthetic protocol 

Doped ZnO NPs were synthesized through a modified version of the wet method introduced by Beek 

et al.149 The precursor salt ZAD has been solubilized in methanol to obtain a 0.11 M solution. The 

solution was heated at 60 °C, a temperature close to the boiling temperature of methanol, 64.7 °C. 

The appropriate amount of doping salt was added to the system as detailed in Table 2.1.122 When the 

system temperature stabilized, a 0.4 M KOH solution was added drop by drop as a basifying agent.  

 

Table 2.1. Quantity of reagents used in the synthesis. 

Sample 
ZAD ± 0.0001  

g 

MeOH for ZAD ± 0.0001 

 g 

KOH ± 0.0001  

g 

MeOH for KOH ± 0.0001  

g 

NH4HF2 ± 0.0001 

 g 

F0 1.2342 39.8270 0.6038 27.7106  

F1 2.6402 83.9602 1.3202 47.3301 0.0034 

F2.5 2.6402 83.9602 1.3202 47.3301 0.0085 

F5 2.6402 83.9602 1.3202 47.3301 0.0171 

F7.5 2.6402 83.9602 1.3202 47.3301 0.0256 

F10 2.6398 83.9605 1.3202 47.3298 0.0342 

F15 2.6401 83.9598 1.3201 47.3302 0.0513 

F20 2.6402 83.9960 1.3198 47.3301 0.0684 
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The resulting solution was stirred for 2 h at 60 °C. The experimental apparatus is shown in Figure 

2.1.  

 

 

Figure 2.1. Experimental apparatus used for ZnO NPs synthesis. 

 

The reaction mixture was then slowly cooled down to room temperature, placed in 50 mL centrifuge 

tubes and centrifuged at 5000 rpm for 5 minutes, the supernatant was separated from ZnO NPs. The 

NPs were re-dispersed in methanol, and the centrifugation step was repeated twice to wash out all the 

unreacted materials. Finally, undoped and doped ZnO NPs were dispersed in methanol.  

 

2.2 Film preparation 

 

2.2.1 Materials 

F0 and F5 ZnO NPs synthesized as described in paragraph 2.1.2 have been used for film preparation. 

Glass and silicon supports were used.  
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2.2.2 Film preparation through spin coating method 

To obtain an aptasensor that meets the requirements necessary for its correct use, it is necessary that 

the transducer layer is suitable for the interaction with the biomolecule. This requires that the ZnO 

NP film be as homogenous as possible. This phase has therefore required several tests, both for the 

choice of the good preparation method, for the support to be used, and for the optimal conditions of 

deposition. 

After the first preliminary tests of NP film production by drop casting and spin coating, it was decided 

to use the second technique for the realization of NP films. Indeed, spin coating is the most widely 

used technique for production of thin films.150–152 This procedure can be divided into four steps: 

deposition, spin-up, spin-off, and evaporation (Figure 2.2). The centrifugal force facilitates the 

distribution of the solution on the support and the evaporation of the solvent. However, to achieve a 

complete evaporation of the solvent, the support can also be heated at a temperature slightly above 

the boiling temperature of the solvent in which the NPs are dispersed.  

 

 

Figure 2.2. Spin coating procedure to create a NP film. 

 

To optimize the deposition process several parameters were changed, namely the type of support 

(glass or silicon), the NP concentration (five different concentration) and the rotation speed (four 

different speed), while the time was kept constant and equal to 60 s (Table 2.2).  
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Table 2.2. NP films, NP suspension concentrations, and speed rotation. 

Acronym 
NP suspensio concentration 

 mg mL-1 

Speed rotation 

 rpm 

C1_P1 0.5 1000 

C1_P2 0.5 2000 

C1_P3 0.5 3000 

C1_P4 0.5 4000 

C2_P1 1.0 1000 

C2_P2 1.0 2000 

C2_P3 1.0 3000 

C2_P4 1.0 4000 

C3_P1 2.0 1000 

C3_P2 2.0 2000 

C3_P3 2.0 3000 

C3_P4 2.0 4000 

C4_P1 3.0 1000 

C4_P2 3.0 2000 

C4_P3 3.0 3000 

C4_P4 3.0 4000 

C5_P1 6.0 1000 

C5_P2 6.0 2000 

C5_P3 6.0 3000 

C5_P4 6.0 4000 

C6_P1 9.0 1000 

C6_P2 9.0 2000 

C6_P3 9.0 3000 

C6_P4 9.0 4000 

C7_P1 36.0 1000 
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2.3 Aptasensor realization 

 

2.3.1 Materials 

For the realization of the aptasensor, the NP films that showed the best surface properties, in terms of 

degree of coverage, roughness, and fluorescence emission, was used. The chosen biomolecule is the 

aptamer LA27, with a sequence 3′-CGATAGATTGTTGTAAGACAATCTTCC-5 able to selectively 

recognize Lipopolysaccharides and provided by CEINGE (Finanziamento per la Ricerca di Ateneo, 

Progetto LipAptaNanoSens, 000008 ALTRI_Cda_75_2021_FRA_LINEA_B-VITIELLO).  

 

2.3.2 Preparation of the bio-recognition layer 

The bio-recognition layer is prepared through the physical interaction between the transducer, in this 

case, ZnO NPs, and the biomolecule, LA27, as described in section 1.2.1 of Section B.  

Aptamer deposition on NPs film occurred through the drop-casting technique.153 This technique can 

be divided into three steps: biomolecule deposition, solvent evaporation, film densification (Figure 

2.3).  

 

 

Figure 2.3. Drop-casting procedure to create the aptasensor.  
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For the preparation of the bio-reconnaissance layer (Figure 2.4), 300 µL of a 20 µM solution of 

aptamer in water were deposited on the NP film. Evaporation of the solvent took place in a controlled 

environment at 25 °C.  

 

 

Figure 2.4. Schematic representation of the aptasensor.  

 

To assess the stability of the system in an aqueous environment, the supports were immersed in a 

water bath for different times, 1, 3, 6, and 24 hours. Subsequently, to quantify the eventual aptamer 

and /or ZnO NPs detached from the support, the water was recovered and freeze-dried. The freeze-

dry was then dissolved in 3 mL of water and analyzed by UV-Visible spectroscopy. 
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Chapter 3 

The best F-doped ZnO NP system  

 

 

 

 

 

 

 

 

 

 

 

 

 



108 

 

The aim of this part of the project was to obtain the F-doped ZnO NPs that had the best fluorescence 

properties, to be used as an optical transducer in the realization of an aptasensor. For this reason, the 

wet chemical method was chosen for the synthesis of F-doped ZnO NPs. All the syntheses, with 

varying concentrations of the doping agent, were successful. To identify the degree of doping able to 

improve the NP fluorescence properties without altering other properties, an extensive physico-

chemical characterization of all systems was performed. Namely, the crystalline structure, as well as 

the presence of reaction by-products, has been evaluated through X-Ray Diffraction (XRD) 

measurements; the concentrations of the various atomic species and of the doping agent were 

determined through X-ray Photoelectron Spectroscopy (XPS) measurements; the dimensional and 

morphological characterization was performed by means of Dynamic Light Scattering (DLS) and 

Transmission Electron Microscopy (TEM); finally, the NP optical properties were analyzed both in 

solution and in the solid state by UV-Visible, fluorescence, and photoluminescence spectroscopies.  

 

3.1 Structural characterization of F-doped ZnO NPs 

The XRD and XPS characterization aimed at determining the crystalline structure and the 

concentration of the atomic species on ZnO NP surface was carried out at the CEA-Leti Research and 

Technology Institute in Grenoble (France) as part of the European project NFFA (ID071) for the 

development of nanoscience. 

  

3.1.1 Crystalline structure 

All F-doped ZnO NPs were characterized by means of XRD to determine whether they were 

crystalline or amorphous, and in the former case which crystalline structure they present. The 

diffraction spectra are reported in Figure 3.1.  
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Figure 3.1. XRD patterns of F0, F1, F2.5, F5, F7.5, F10, F15, and F20 ZnO NPs. Dot lines indicate 

ZnO peaks, stars indicate ZnF2 peaks.  

 

The values of the diffraction angles (2θ), the cell dimensions (a, b, c, α, β, and γ), and Miller indices 

(hkl) of the peaks observed in the diffraction spectra of Figure 3.1 are listed in Table 3.1. These 

patterns show the typical peaks of a wurtzite structure (JCPDS 36-1451). The crystalline sizes were 

found to range from 2 to 4 nm, which were calculated for the most intense peak (101) using the 

Scherrer equation as given below:154 

0.9λ
D =

βcosθ
                                                                              (3.1) 

where D is the crystalline size (nm), β is the full width of the direct line at half of the maximum (101) 

intensity, λ is the X-ray wavelength of Cu Kα = 0.154 nm, and θ is the Bragg angle. 
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Table 3.1. Experimental values of the diffraction angles (2θ, deg), corresponding Miller indices (hkl), 

and the cell dimensions of diffraction peaks observed in the profiles reported in Figure 3.1.  

Sampl
e 

(100) (002) (101) (102) (110) (103) (200) (112) (201) 
a 

Å 

b 

Å 

c 

Å 

α 

° 

β 

° 

γ 

° 

F0 
31.56

° 
34.16

° 
36.21

° 
47.31

° 
56.43

° 
62.80

° 
66.43

° 
67.85

° 
68.86

° 
3.2
5 

3.2
5 

5.2
1 

89.9
3 

89.9
1 

119.9
9 

F1 
31.56

° 
34.07

° 
36.21

° 
47.22

° 
56.43

° 
62.80

° 
66.27

° 
67.85

° 
69.03

° 
3.2
7 

3.2
8 

5.2
1 

90.7
0 

89.4
9 

120.6
6 

F2.5 
31.64

° 
34.32

° 
36.21

° 
47.30

° 
56.50

° 
62.80

° 
66.35

° 
67.77

° 
69.03

° 
3.2
6 

3.2
8 

5.2
1 

90.7
7 

89.6
4 

120.7
7 

F5 
31.54

° 
34.32

° 
36.05

° 
47.22

° 
56.59

° 
62.80

° 
66.43

° 
67.85

° 
69.11

° 
3.2
5 

3.2
7 

5.2
1 

90.6
7 

89.3
0 

120.3
3 

F7.5 
31.54

° 

34.24

° 

36.13

° 

47.28

° 

56.51

° 

62.80

° 

66.43

° 

67.85

° 

69.11

° 

3.2

4 

3.2

7 

5.2

0 

90.4

8 

89.5

8 

120.0

5 

F10 
31.64

° 
34.32

° 
36.30

° 
47.28

° 
56.59

° 
62.80

° 
66.35

° 
67.92

° 
69.11

° 
3.2
5 

3.2
4 

5.2
0 

89.8
1 

90.1
2 

119.9
3 

F15 
31.54

° 
34.32

° 
36.21

° 
47.30

° 
56.51

° 
62.80

° 
66.51

° 
67.92

° 
69.11

° 
3.2
5 

3.2
5 

5.2
0 

90.0
7 

89.9
0 

120.1
6 

F20 
31.72

° 
34.32

° 
36.29

° 
47.28

° 
56.59

° 
62.88

° 
66.43

° 
67.92

° 
69.11

° 
3.2
5 

3.2
5 

5.2
0 

90.0
1 

90.0
4 

120.0
5 

 

Experimental data of doped versus undoped samples show no significant shift of diffraction peaks, 

suggesting no significant distortion of the crystalline lattice of ZnO because of the presence of the 

doping agent. However, in the diffraction spectra of samples obtained using a high amount of doping 

salt (from F7.5 to F20 ZnO samples), the presence of diffraction peaks typical of ZnF2 (reported as 

stars in Figure 3.1) in the tetragonal crystalline structure with spatial group P42/mnm is observed. 

The formation of ZnF2 may be a consequence of the dissociation of the fluorine-based doping salt, 

NH4FHF, in H+, HF2
-, and HF species. HF in the presence of Zn(CH3COO)2, the inorganic precursor 

of ZnO NPs, can lead to the formation of ZnF2, according to the following reaction (3.2):155 

Zn(CH3COO)2 + 2HF → ZnF2                                                  (3.2) 

 

3.1.2 Chemical composition  

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

doped ZnO NPs. The spectra reported in Figure 3.2 show the characteristic peaks of ZnO (Zn 2p, Zn 

3s, Zn 3p, Zn 3d, and O 1s), in all the samples, while in the samples with the highest nominal 

concentration (F15 and F20) of fluorine the F 1s peak is clearly visible. Carbon contamination (C 1s) 

was detected in all samples, probably due to the presence of unconverted reagents and/or to the 

presence of reaction by-products not removed during the purification.  
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Figure 3.2. XPS patterns of F0, F1, F2.5, F5, F7.5, F10, F15, and F20 ZnO NPs. 

 

To quantify the species of interest, the main peaks were considered, namely the peaks of Zn 3p, O 1s, 

F 1s, and C 1s.  
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Figure 3.3. Zn 3p (A), O 1s (B), F 1s (C), and C 1s (D) XPS spectra of F0, F1, F2.5, F5, F7.5, F10, 

F15, and F20 ZnO NPs. 

 

The spectrum of Zn 3p (Figure 3.3 A) has two peaks: one at about 87 eV due to the zinc bound to 

oxygen and one at about 91 eV due to the zinc bound to fluorine. The XPS spectrum of O 1s (Figure 

3.3 B) also presents two peaks: one between 529 and 530 eV due to the oxygen bound to zinc, the 

other one at about 532 eV due to the oxygen bound to carbon. In all the cases, the intensity of the O-

Zn peak is higher than that of the O-C peak, except for samples F15 and F20. The peak of F is visible 

and, therefore, its concentration is quantifiable only for the highest nominal concentration samples 

(Figure 3.3 C). Finally, the presence of C 1s (Figure 3.3 D) may be due to the presence of an 

unconverted reagent. Spectra in Figure 3.3 D also highlight the presence of another contaminant, K 

2p, in samples with the highest F concentration.  

By integration of these peaks, the atomic composition of the different F-doped ZnO NPs is 

determined, as reported in Table 3.2.  
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Table 3.2. Atomic concentrations of Zn, O, C, and F were obtained from the XPS spectra. 

Sample 
Zn  

%at 

O (O-Zn)  

%at 

F  

%at 

C  

%at 

O (O-C)  

%at 

F0 31 ± 6 31 ± 6  14 ± 3 24 ± 5 

F1 33 ± 6 27 ± 5  18 ± 3 22 ± 4 

F2.5 33 ± 7 25 ± 5  18 ± 4 23 ± 5 

F5 36 ± 7 27 ± 5 1.5 ± 0.3 17 ± 3 19 ± 4 

F7.5 39 ± 8 27 ± 5 1.7 ± 0.3 15 ± 3 17 ± 3 

F10 40 ± 8 29 ± 6 7 ± 1 15 ± 3 16 ± 3 

F15 31 ± 6 13 ± 3 8 ± 2 14 ± 3 24 ± 5 

F20 35 ± 7 19 ± 4 7 ± 1 17 ± 3 23 ± 5 

 

All F-doped ZnO NPs have the same atomic surface concentration of Zn, as well as the concentration 

of C and O bound to C. Other than the concentration of O bound to Zn for samples F15 and F20, 

which have a lower concentration of O-Zn than the other samples. This means that for these samples 

the surface Vo are greater. The fluorine concentration was, however, only determined for samples F5 

to F20, as mentioned above. This concentration is approximately 1.5 % at for samples F5 and F7.5, 

and equal to about 7/8 % at for samples F10, F15, and F20. This probably indicates that a 

concentration of 7/8 % at is the maximum concentration of dopant that these ZnO NPs may have.  

 

3.2 Morphological and dimensional characterization 

The size and shape of individual NPs was determined by means of TEM. However, as the sample 

preparation involves a solvent evaporation step that can cause NP aggregation, the size of samples in 

solution was analyzed also by means of DLS. 

 

 

3.2.1 Morphological analysis 

Morphological analysis was performed for all F-doped ZnO NPs, for example in Figure 3.4, 

micrograph images of F0, F5, and F15 ZnO NPs are shown.  
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Figure 3.4. TEM images of F0 (A), F5 (B), and F15 (C) ZnO NPs (scalebar: 50 nm).  

 

TEM images clearly show that ZnO NPs tend to self-aggregate indipendently of their composition, 

even if aggregate size increases with the percentage of fluorine. Individual F-doped ZnO NPs have 

an irregular morphology, but by approximating them to spheres, we determined their size through a 

statistical analysis of the images. The average radius of the individual nanoparticles is 3 nm and does 

not vary with the atomic percentage of the doping agent (Figure 3.5), indicating that the synthesis 

conditions are such to make the size of the individual F-doped ZnO NPs reproducible. The dimensions 
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of individual F-doped ZnO NPs were in agreement with the crystalline sizes obtained from XRD 

analysis.  
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Figure 3.5. The radius of F0 (black circle), F1 (red square), F2.5 (blue up-triangle), F5 (green 

down-triangle), F7.5 (purple rhombus), F10 (orange left-triangle), F15 (pink right-triangle), and F20 

(wine hexagon) ZnO NPs obtained from statistical analysis of TEM images of Figure 3.4.  

 

3.2.2 Dimensional analysis 

To determine whether the tendency to aggregation depends on the evaporation of the solvent for the 

TEM analysis or whether F-doped ZnO bare NPs naturally aggregate in suspension, DLS 

measurements were performed (Figure 3.6).  
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Figure 3.6. Hydrodynamic radius distribution of F0, F1, F2.5, F5, F7.5, F10, F15, and F20 ZnO 

NPs in methanol.  
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Hydrodynamic radius distributions reveal the presence of a single population in all the samples. Rh 

increases moving from sample F0 to sample F2.5, then remains constant for samples F5 and F7.5. Rh 

of F10 and F15 is smaller than those of samples with less fluorine, being about 28 nm, while for 

sample F20 a population with a hydrodynamic radius value of about 62 nm is observed. The process 

of self-aggregation of bare NPs in solution is not a controllable process. For this reason, the values of 

Rh  obtained do not follow any trend.  

 

3.3 Optical properties 

The optical properties of F-doped ZnO NPs have been analyzed in suspension and in the dried state.  

UV-Visible and fluorescence measurements were carried out on methanol dispersions of F-doped 

ZnO NPs. To calculate the band gap, the Tauc plot method was used. In addition, photoluminescence 

measurements were performed to evaluate the optical properties of NP films, since they could be 

exploited as optical transducers for the development of aptasensors. The last measurements were 

carried out at the CEA-Leti Research and Technology Institute in Grenoble (France) as part of the 

European project NFFA (ID071) for the development of nanoscience. 

 

3.3.1 Optical properties of F-doped ZnO NPs in suspension 

The UV-Vis spectra of F-doped ZnO NPs suspended in methanol, the solvent in which the NPs were 

synthesized and stored, are reported in Figure 3.7. 
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Figure 3.7. UV-Visible spectra of F0, F1, F2.5, F5, F7.5, F10, F15, and F20 ZnO NPs in methanol.  

 

All F-doped ZnO NPs absorb in the UV region with an absorption peak between 332 and 347 nm, 

due to the passage of the carriers of excess charge from the valence band to the conduction band. The 

maximum wavelength of F0, F1, and F2.5 ZnO NPs, for which XPS analysis has not detected an F 

concentration, increases as the Rh of suspended aggregates increases, as observed by Xu et al. for 
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undoped ZnO NPs with a dimension between 15 and 40 nm.156 F5 and F7.5 ZnO NPs (effective F 

concentration of 1.5, and 1.7 % at, respectively) have a maximum at about 343 nm, as well as the 

same F concentration shift the maximum peak in F10, F15, and F20 ZnO NPs samples at about 333 

nm. It is interesting to note that the increased concentration of doping agent causes a decrease in the 

absorption maximum, as observed by Singh et al. doping ZnO NPs with Mn and observing a blue 

shift from 366 to 352 nm, increasing the Mn concentration from 1 to 4%.157 The same trend has also 

been observed by Hammad et al. for Co-doped ZnO NPs.158 

Fluorescence spectra were recorded in the 400-800 nm range by exciting each sample at the maximum 

absorption wavelength as determined by UV-Vis measurements, which are 339, 343, 347, 343, 343, 

333, 332, and 333 nm for F0, F1, F2.5, F5, F7.5, F10, F15, F20 ZnO NPs, respectively (Figure 3.8).  
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Figure 3.8. Fluorescence spectra of F0, F1, F2.5, F5, F7.5, F10, F15, and F20 ZnO NPs in 

methanol.  
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All emission spectra show a single band centered at about 530 nm that can be attributed to the 

presence of point defects, such as oxygen vacancies or interstitial oxygen. Indeed, point defects 

strongly affect the fluorescence properties of nanocrystals. The crystalline structures of ZnO NPs are 

characterized by various defects, which are directly related to emission peaks. An emission band 

between 500 and 520 nm is attributed to oxygen vacancies VO; a band between 550 and 560 nm to 

interstitial oxygen Oi; a band between 400 and 440 nm to zinc vacancies VZn and interstitial zinc 

Zni.
159–162 

This band is often called the yellow-green band,163 in fact, the suspensions of F-doped ZnO NPs 

illuminated with Wood light emit a strong yellow color (Figure 3.9).  

 

 

Figure 3.9. F5 ZnO NPs suspension in methanol (A), F5 ZnO NPs suspension in methanol under 

the Wood light (B).  

 

To quantify the effect of the doping agent on the emission properties of ZnO NPs, the relative 

quantum yield Φ of each system has been calculated with respect to quinine sulfate monohydrate. 

The quinine sulfate monohydrate has been chosen as the standard because the absorption and 

emission peaks fall in the same range of those of F-doped ZnO NPs, as can be seen in Figure 3.10. 
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Figure 3.10. Comparison of the absorption (blue) and emission (red) spectra of F-doped ZnO NPs 

(solid lines) and of quinine sulfate monohydrate (dotted lines).  

 

 

The quantum yield Φ was calculated as: 

s

2
A F nsΦ =
A F ns s


    
    

     

                                                                (3.3) 

where As is the absorption of the standard, A is the absorption of the sample, F is the integral of the 

area below the fluorescence peak of the sample, Fs is the integral of the area below the emission peak 

of the standard, n, and ns are the reflective indices of the solvent in which the sample and the standard 

are solubilized, respectively, and ϕs is the quantum yield of the standard (ϕs = 0.59).164 The results 

obtained are reported in Table 3.3. 

 

 

 



122 

 

Table 3.3. Relative quantum yield for all F-doped ZnO NPs samples. 

Sample 
Φ  

% 

F0 7 ± 1 

F1 19 ± 1 

F2.5 19 ± 2 

F5 22 ± 2 

F7.5 13 ± 2 

F10 7 ± 2 

F15 6 ± 1 

F20 5 ± 1 

 

Relative quantum yield increases with the fluorine content up to the sample F5, which by XPS 

analysis has an atomic percentage of F on the NP surface of 1.5 % at, then decreases by further 

increasing the fluorine content, with quantum yields of F15 and F20 lower than that of the undoped 

sample. So, a minimum amount of dopant is not only sufficient but also optimal to improve the optical 

properties of ZnO NPs.  

 

3.3.1 Optical properties of F-doped ZnO NPs at solid state 

The energy of the band gap is an important parameter for the definition of the properties of a 

semiconductor. Tauc plots for the different F-doped ZnO NPs are shown in Figure 3.11, while the 

corresponding band gap values are reported in Table 3.4.  
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Figure 3.11. Tauc plot of F0, F1, F2.5, F5, F7.5, F10, F15, and F20 ZnO NPs.  
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Table 3.4. Band gap values obtained from the Tauc Plot for all F-doped ZnO NPs samples. 

Sample 
Eg  

eV 

F0 3.31 ± 0.01 

F1 3.31 ± 0.01 

F2.5 3.32 ± 0.03 

F5 3.27 ± 0.01 

F7.5 3.27 ± 0.01 

F10 3.17 ± 0.02 

F15 3.20 ± 0.05 

F20 3.18 ± 0.01 

 

The band gap of sample F0, about 3.31 eV, is slightly lower than that of ZnO bulk (3.37 eV),17,110 

this can be attributed to the presence of defects in the crystalline structure of NPs. The values of 

samples F1 and F2.5 ZnO NPs are equal to that of sample F0 ZnO NPs, which confirms the results 

of XPS that do not detect the presence of F in these samples. For samples, F5 and F7.5 Eg is 3.27 eV, 

this decrease compared to previous sample values is due to the presence of the doping agent, 1.5 and 

1.7 % at from XPS analysis, respectively. The presence of a doping agent creates a new valance band 

that causes a decrease in the band gap.165 The band gap for samples F10, F15, and F20 is even lower, 

probably due to a greater concentration of F. These values agree with the shift of the maximum 

absorption peaks observed for F-doped ZnO NPs in suspension.  

Finally, to assess whether F-doped ZnO NPs preserve their fluorescence properties even when dried, 

photoluminescence measurements were performed. All samples were excited using a 325 nm 

wavelength laser, and the emission spectra were collected in the 330-1000 nm range (Figure 3.12). 

 



125 

 

 

Figure 3.12. Photoluminescence spectra of F0, F1, F2.5, F5, F7.5, F10, F15, and F20 ZnO NPs, 

λexc=325 nm.  
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All samples have a well-defined peak at about 380 nm and a broad band between 560-590 nm. In 

addition, from the F7.5 to the F20 samples the presence of an additional peak at about 780 nm is 

detected. The first peak close to 400 nm could be due to the presence of defects such as VZn or Zni. 

The broad band, on the other hand, is also present in the emission spectra of suspended F-doped ZnO 

NPs, and it is the yellow-green band. The peak at about 780 nm may be due to the presence of the 

reaction by-product ZnF2 in the samples, according to XRD measurements.  

Considering the yellow-green emission band, it can be observed that fluorescence intensity varies for 

different samples, even if no clear trend can be identified (Figure 3.13). The highest fluorescence 

intensity is observed for samples F2.5 and F5, it decreases for samples F7.5, F15, F0, and F10, is 

almost nothing for samples F1 and F20 ZnO NPs. 
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Figure 3.13. Photoluminescence spectra in the range of 450-700 nm of F0, F1, F2.5, F5, F7.5, F10, 

F15, and F20 ZnO NPs, λexc=325 nm.  

 

This data cannot be compared with the relative quantum yield, but nevertheless highlights that sample 

F5 ZnO NPs has very good fluorescence properties. The comparison cannot be made because for the 

determination of relative quantum yield the area below the emission curve is considered and not the 

intensity, as has been done in this case, both because it would have been necessary to also perform 

measurements with the same instrument for the standard. For these reasons, ZnO NPs with a nominal 

content of fluorine of 5% (and an actual content of 1.5%) were exploited for the optimization of an 

F-doped ZnO NP film to be used as a transducer.  
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Chapter 4 

Transducer: F-doped ZnO NP film 

 

 

 

 

 

 

 

 

 

 

 

 

 



128 

 

The F5 ZnO NPs, with a nominal content of fluorine of 5% (and an actual content of 1.5%), were 

proved to have the best optical properties among the F-doped ZnO NPs characterized, thus they were 

exploited for the optimization of a F-doped ZnO NP film to be used as a transducer. An undoped ZnO 

NP film was studied as well for sake of comparison.  

The films have been studied both microscopically, by means of solid-state ellipsometry and X-Ray 

Reflectometry (XRR), and macroscopically, by means of optical, Atomic Force, and Raman 

microscopies. The microscopic and macroscopic analysis allowed the best support and the best 

conditions to obtain the nanostructured film to be identified, respectively.  

Then, a protocol was established for the physical immobilization of the aptamer LA27, the 

biomolecule chosen as bioreceptor, on the nanostructured film and the interaction between the 

aptamer and the film in an aqueous environment was investigated.  

 

4.1 Microscopic analysis 

Films prepared with the spin-coating method employing different concentrations of NPs and speed 

rotation programs, as described in paragraph 2.2.2, were characterized by means of solid-state 

ellipsometry, and XRR. These measurements were carried out at the Institut Max von Laue-Paul 

Langevin (ILL) in Grenoble (France).  

 

4.1.1 Characterization of ZnO NP film on silicon supports through solid-state ellipsometry 

F-doped ZnO NPs were recovered from the synthesis at 3 mg mL-1 concentration (C4), and they were 

first used at this concentration when forming F5 and F0 ZnO films on silicon. Two rotation speeds 

were tested, 1000 rpm (P1) and 3000 rpm (P3). The supports thus obtained are shown in Figure 4.1.  
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Figure 4.1. Photo of C4_P1_F0 (A), C4_P3_F0 (B), C4_P1_F5 (C), C4_P3_F5 (D) ZnO NPs film 

on silicon supports.  

 

A first qualitative analysis shows that the films obtained using the P1 program (A and C photos in 

Figure 4.1) are more heterogeneous than those obtained using the P3 program (B and D photos in 

Figure 4.1). To achieve a significant characterization of the film thickness, the measurements were 

performed on at least twenty different points of the support. Thickness average values are reported in 

Table 4.1.  

 

Table 4.1. Thickness values for C4_P1_F0, C4_P3_F0, C4_P1_F5, and C4_P3_F5 ZnO NPs film on 

silicon supports. 

Deposition condition 
F0 Thickness 

nm 

F5 Thickness 

nm 

C4_P1 30 ± 9 33 ± 7 

C4_P3 13 ± 1 19 ± 1 

 

Quantitative characterization confirms that both films obtained with 3000 rpm speed rotation are more 

homogeneous and thinner than those obtained with the lower speed rotation.  

Keeping the speed rotation constant at 3000 rpm (P3), the effect of an NP concentration is tested on 

film properties, by analyzing samples obtained using suspensions at 3.0 (C4), 2.0 (C3), 1.0 (C2), and 

0.5 (C1) mg mL-1 NP concentration. The average thickness values are reported in Table 4.2.  
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Table 4.2. Thickness values for C4_P3_F0, C3_P3_F0, C2_P3_F0, C1_P3_F0, C4_P3_F5, 

C3_P3_F5, C2_P3_F5, and C1_P3_F5 ZnO NPs film on silicon supports. 

Deposition condition 
F0 Thickness 

nm 

F5 Thickness 

nm 

C4_P3 13 ± 1 19 ± 1 

C3_P3 9 ± 1 12 ± 1 

C2_P3 7 ± 1 8 ± 1 

C1_P3 7 ± 1 8 ± 1 

 

Plots of thickness values as a function of the NP concentration used for film formation (Figure 4.2) 

clearly indicate that at small NP concentrations (0.5 and 1.0 mg mL-1) film thickness does not change 

with NP concentration, then it increases with increasing NP concentration.  
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Figure 4.2. Thickness values as a function of NP concentration, 0.5, 1.0, 2.0, 3.0 mg mL-1 of F0 

(blue triangles) and F5 (green rhombus) ZnO films at 3000 rpm (P3).  

 

With the aim at obtaining as thinner as possible ZnO NP films, the lowest NP concentrations are 

selected, and the speed rotation was increased further to 4000 rpm (P4). Thickness average values 
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reported in Table 4.3 indicate that an increase in speed rotation does not reduce the thickness of the 

nanostructured film. 

 

Table 4.3. Thickness values for C2_P4_F0, C1_P4_F0, C2_P4_F5, and C1_P4_F5 ZnO NPs film on 

silicon supports. 

Deposition condition 
F0 Thickness 

nm 

F5 Thickness 

nm 

C2_P4 8 ± 1 9 ± 1 

C1_P4 7 ± 1 7 ± 1 

 

These initial analyses show that a good NP film would require low F-doped ZnO NPs suspension (0.5 

or 1.0 mg mL-1) and high-speed rotation (3000 or 4000 rpm). Nevertheless, the analysis of the film 

through solid-state ellipsometry can lead to a significant error in the determination of the 

characteristics of the film itself; both because it is a point analysis, and because it allows obtaining 

only the thickness of the deposited layer. Moreover, both the silicon and glass supports have a certain 

thickness. This thickness causes, in the case of glass supports, the reflection of the radiation used 

during ellipsometry measurements on the lower face of the support. This problem makes it impossible 

to perform solid-state ellipsometry measurements on the nanostructured films on glass supports. For 

this reason, a better analysis of the choice of the best support to use for the deposition of F-doped 

ZnO NPs was performed through XRR measurements. 

 

4.1.2 The choice of the best support: XRR analyses 

Since low concentrations (C1=0.5, or C2=1 mg mL-1) of F-doped ZnO NP suspensions and a speed 

rotation of P3 = 3000 rpm seemed to be the optimal conditions to obtain a thin and homogenous 

nanostructured film on silicon support, XRR measurements were initially performed on the sample 

C1_P3_F0 on a silicon support.  

In Figure 4.3 A Reflectivity R is plotted as a function of the Scattering Vector qz, and the resulting 

Scattering Length Density SLD profile is reported in Figure 4.3 B.  
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Figure 4.3. R as a function of qz (red circles) and the best fit to the data (black line) (A); Scattering 

length density (SLD) plotted as a function of distance Z (red line) (B) of C1_P3_F0 ZnO NP film 

on silicon support.  

 

Considering the silicon support consists of Si/SiO2 and fitting the experimental data the values of 

thickness T, roughness R, and scattering length density SLD reported in Table 4.4 were obtained.  

 

Table 4.4. Thickness T, roughness R, and scattering length density SLD obtained by fitting XRR data.  

Layer 
T 

 nm 

R  

 nm 

SLD 10-4  

nm-2 

Si  0.50 ± 0.07 2.00 ± 0.02 

SiO2 2.11 ± 0.01 0.50 ± 0.09 1.90 ± 0.02 

ZnO 1.54 ± 0.06 0.36 ± 0.01 1.37 ± 0.02 

 

The SLD profile and the higher value of the thickness of SiO2 compared to that of ZnO NPs show 

that the surface of the support is not completely covered by the film of NPs. So, although the 

measurements of solid-state ellipsometry showed that low concentrations of NP solutions were 

sufficient to obtain a film covering the entire support, XRR analysis indicates that nonetheless, 

support coverage was incomplete. For this reason, for the choice of the best support to be used, silicon 

or glass, nanostructured films obtained from 3 mg mL-1 NP suspensions (C4) were characterized.  

Figure 4.4 shows XRR data obtained for F0 and F5 ZnO NP films on both silicon and glass supports.  
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Figure 4.4. XRR profiles of C4_P3_F0 on silicon support (blue line), and on glass support (pink 

line) (A), and XRR profiles of C4_P3_F5 on silicon support (green line), and on glass support 

(purple line) (B). 

 

A qualitative analysis of the comparisons of the XRR data of the films obtained with the same 

preparation conditions on the two different supports shows that the films obtained are quite different. 

The different positions where the curve reaches an almost constant value of reflectivity of the films 

deposited on silicon and glass are indices of the presence of a different number of layers. Moreover, 

an increase in the reflectivity of the films deposited on silicon compared to those deposited on glass 

at intermediate values of qz indicates a greater presence of material on the support. This being 

considered, the XRR data of the nanostructured films on glass support were fitted considering a single 

layer of F-doped ZnO NPs, while for those on silicon supports, a two-layer model was used (Figure 

4.5, and Table 4.5). 
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Figure 4.5. XRR experimental data (circles) and the best fit (black lines) of C4_P3_F0_on silicon 

support (A), C4_P3_F0_on glass support (B), C4_P3_F5_on silicon support (C), and C4_P3_F5_on 

glass support (D). Corresponding SLD curves are shown in the inserts. 
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Table 4.5. Results of the fit to the XRR data concerning thickness T, roughness R, and scattering 

length density SLD of C4_P3_F0 and C4_P3_F5 on silicon and glass supports. 

Sample Layer 
T  

nm 

R  

nm 

SLD 10-4  

nm-2 

C4_F0_on silicon support 

Si  0.2 ± 0.1 1.89 ± 0.09 

SiO2 1.45 ± 0.02 0.28 ± 0.01 1.98 ± 0.08 

ZnO_1 7.26 ± 0.05 1.68 ± 0.06 3.16 ± 0.07 

ZnO_2 15 ± 2 5.9 ± 0.8 2.0 ± 0.1 

C4_F0_on glass support 
Glass  0.36 ± 0.01 4.29 ± 0.04 

ZnO 10.5 ± 0.1 2.42 ± 0.05 3.22 ± 0.05 

C4_F5_on silicon support 

Si  0.1 ± 0.1 1.89 ± 0.09 

SiO2 0.4 ± 0.2 0.25 ± 0.03 2.15 ± 0.05 

ZnO_1 11.2 ± 0.2 2.5 ± 0.2 3.22 ± 0.06 

ZnO_2 14 ± 3 8.6 ± 1.4 2.4 ± 0.2 

C4_F5_on glass support 
Glass  0.10 ± 0.06 2.09 ± 0.01 

ZnO 13.7 ± 0.1 3.56 ± 0.05 2.52 ± 0.01 

 

The data show that for both undoped and doped ZnO NPs two layers of different thickness and 

roughness are obtained on silicon as support, while a single layer is on the glass support. For both 

undoped and doped ZnO NPs the first layer, closer to the surface of the support, is thinner and more 

homogeneous than the second one. In addition, the thickness of the second layer values obtained 

through the XRR fitting agrees with the thickness values obtained through the solid-state 

ellipsometry. In the case of glass supports, instead, a single layer with a thickness of about 10.5 and 

13.7 nm, and a roughness of about 2.42 and 3.56 nm for undoped and doped ZnO NP films are 

obtained. Therefore, the formation of two layers of ZnO NPs of heterogeneous thickness and 

roughness cannot be controlled in the case of deposition on silicon support, instead, a more 

homogenous nanostructured film is obtained in the case of deposition on a glass support. 

Consequently, it was decided to use glass as a support for the deposition of F-doped ZnO NPs to be 

used as an optical transducer for the realization of an aptasensor.  
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4.2 Macroscopic analysis 

Optical Microscopy, Atomic Force Microscopy (AFM), and Raman microscopy measurements were 

performed in collaboration with Dr. Stefano Luigi Oscurato and Dr. Marcella Salvatore at the Physic 

Department “Ettore Pacini” of University of Naples Federico II with the aim at determining the 

coverage of the glass support and therefore the best protocol, in terms of ZnO NP suspensions 

concentrations and speed rotation, for film formation.  

 

4.2.1 The choice of the best deposition conditions 

The above-described characterization has shown that microscopic properties of the films do not 

depend on the kind of ZnO NPs, F0 or F5, therefore, a comprehensive analysis of F0 films was 

performed, by changing NP concentration (C1 = 0.5, C4 = 3.0, C5 = 6.0, and C6 = 9.0 mg mL-1) and 

for each concentration the speed rotation (P1 = 1000, P2 = 2000, P3 = 3000, and P4 = 4000 rpm); 

then the best conditions were used for the preparation of a film composed of F5 ZnO-NPs.  

All the films have been analyzed under an optical microscope, from which it is possible to determine 

the degree of coating. For example, in Figure 4.6 two images of the C4_P1 and C6_P1 systems are 

shown.  

 

 

Figure 4.6. Optical image of C4_P1 (A), and C6_P1 (B) on glass supports, scalebar: 100 µm.  

 

The degree of coverage is determined by comparing the area occupied by the aggregates visible in 

the image (highlighted by the red circle in Figure 4.6 B) with the total area of the image analyzed. It 

has been calculated by analyzing at least four images from different areas of the film, using the ImageJ 
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software. In Figure 4.7 the degree of coating of the films was reported as a function of the 

concentration of the ZnO NP suspension used for each speed rotation used.  
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Figure 4.7. Degree of coating as a function of the concentration of ZnO NP suspension.  

 

Using a NP suspension at a very low concentration (C1 = 0.5 mg mL-1) a low degree of coating is 

obtained in agreement with XRR results. While at low NP concentrations, the effect of rotation speed 

is neglectable, as the concentration of NPs increases, it affects the degree of coating, with fast 

rotations (3000 and 4000 rpm) determining a low coverage and slow rotations (1000 and 2000) 

determining an increasing coating of the glass support. Based on these observations, a film using a 

very concentrated NP suspension, C7= 36 mg mL-1, and a low-speed rotation, P1 = 1000 rpm was 

prepared and characterized.  

Comparison of optical microscopy images of this film with those recorded on films obtained from 

lower NP concentrations (Figure 4.8) suggests that coverage increases, but the glass support appears 

to be covered by increasingly larger aggregates, as the NP concentration of employed suspensions 

increases.  
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Figure 4.8. Optical image of C4_P1 (A), C6_P1 (B), and C7_P1 (C) on glass supports, scalebar: 

100 µm.  

 

The formation of these aggregates is likely due to the drying of NPs and subsequent solubilization of 

NP carried out to obtain suspensions with concentrations higher than 3 mg mL-1. With the aim at 

avoiding the deposition of ZnO NP aggregates, the suspensions of ZnO NPs were sonicated with a 

tip sonicator at 60% power for 5 minutes before deposition on the glass support. Optical microscopy 

(Figure 4.9) indicates a significant improvement in the film: an almost complete support coverage is 

achieved.  
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Figure 4.9. Optical image of C7_P1 before (A), and after (B) sonication on glass supports, scalebar: 

100 µm.  

 

This improvement is also highlighted by the observation of the films under the Wood light, as shown 

in Figure 4.10. 

 

 

Figure 4.10. Photo of C7_P1 before (A), and after (B) sonication on glass supports under Wood 

light. 

 

To confirm these results, the C7_P1 film obtained by sonicating the starting suspension was further 

characterized by means of AFM and Raman microscopy.  

The morphology of the film was determined by AFM analysis (Figure 4.11).  
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Figure 4.11. 2D AFM image, 20x20 µm (A), and 3D AFM image, 20x20 µm (B) of C7_P1 film. 

 

AFM images indicate a complete coverage of the support. Moreover, the presence of areas with 

different heights, lower than about 70 nm and higher than about 225 nm are present, proves that the 

resulting film is quite wrinkled.  

By means of Raman microscopy (Figure 4.12 A), the Raman spectrum of the film was obtained 

(Figure 4.12 B) and compared with that of dried ZnO NPs (Figure 4.12 C). The overlap of the peaks 

of the two spectra, verified in different points of the support, confirms the exclusive presence of ZnO 

NPs on the support that covers it entirely.  

 

 

Figure 4.12. Raman image of C7_P1 film (A), Raman spectrum of C7_P1 film (B), and Raman 

spectrum of ZnO NPs powder.   
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4.3 Design of the aptasensor 

The realization of an aptasensor, or more generally of a biosensor, involves the interaction of the 

biomolecule with the transducer, which in this case is the film of F-doped ZnO NPs.  

To assess the effect of the film features on its interaction with the biomolecule, the aptamer LA27 

was bound not only on the optimized film C7_P1_sonicate but also on film C4_P1. Moreover, 

aptamer interaction with undoped and doped NP has been investigated as well using the 

C7_P1_sonicate_F5 film.  

LA27 was deposited on the films through drop-casting, as described in paragraph 2.3.2. Then, to 

assess whether the aptamer is stably bound to the ZnO NP films, they were placed in a water bath for 

different times, 1, 3, or 6 hours, the water was recovered, and the aptamer content, eventually 

dissociated from the nanostructured film, determined by means of UV-Visible spectroscopy.166–168 

Through UV-Visible spectroscopy, it is also possible to verify the possible dissociation of ZnO NPs 

caused by interaction with the LA27 aptamer or dispersion in water. The UV-Visible spectrum of the 

water in contact with the C4_P1 film reported in Figure 4.13 shows a main peak at 260 nm typical of 

DNA oligonucleotides, while the absence of absorption peaks between 332 and 347 nm rules out any 

significant detachment of ZnO NPs. 
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Figure 4.13. UV-Visible spectrum of contact water of the C4_P1 system after 1 hour of contact. 
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Considering a deposition of 300 μL of a 20 μM LA27 aptamer solution, and 3 mL of water for the 

redispersion of the lyophilized sample, for each film, a percentage of aptamer detachment was 

determined and reported in Table 4.6. 

 

Table 4.6. Percentage of the detachment of the LA27 from nanostructured films.  

Sample 
Contact time 

 h 

Detachment of LA27 

 %mol 

C4_P1 

1 90 

3 90 

6 99 

C7_P1_sonicate 

1 45 

3 60 

6 60 

C7_P1_sonicate_F5 
1 35 

3 65 

 6 65 

 

From the analysis of Table 4.6 an almost complete detachment emerges for the system in which the 

ZnO NPs only partially cover the support (C4_P1), while higher aptamer retention is achieved when 

the support is completely covered (C7_P1_sonicate). Moreover, by comparing the systems obtained 

with undoped and doped NPs minimal detachment changes are observed. These data suggest lower 

kinetic detachment of the LA27 aptamer from F-doped ZnO NP films with respect to other 

biomolecules and film.169 

Preliminarily, it is possible to propose the physical immobilization as a potential deposition strategy 

of LA27 aptamer on ZnO nanostructured films, since the interaction between LA27 and the surface 

with a high coating is quite stable and is not affected by the nature of both doped and undoped NPs.  
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The aim of this part of the Ph.D. project was to optimize the optical properties of ZnO NPs by atomic 

doping with fluorine and to develop a protocol to produce nanostructured films acting as an optical 

transducer matrix able to interact with the aptamer LA27. The ZnO NP optimization was necessary 

for the proper functioning of a biosensor because the transducer layer has the task of converting the 

interaction between the biomolecule and the analyte into a measurable signal.  

ZnO is a semiconductor whose thermodynamically stable crystalline structure is wurtzite, which is 

characterized by the presence of defects such as oxygen vacancies Vo, zinc vacancies VZn, zinc 

interstitial Zni, and oxygen interstitial Oi. These defects are directly related to the optical properties 

of ZnO NPs, and their presence can be appropriately modulated by varying the NP synthesis 

conditions and/or through appropriate doping at the atomic level, such as insertion of fluorine F atoms 

in the crystalline structure.  

ZnO NPs were synthesized by a wet-phase method in reflux at 60 °C, using ammonium hydrogen 

difluoride as doping agent at different concentrations, from 0 to 20 % at. In all the cases, crystalline 

ZnO NPs, in the stable form of wurtzite, were synthesized, indicating that the presence of the doping 

agent does not alter the crystalline structure of the ZnO. However, at high F concentrations, from 7.5 

to 20 % at, ZnF2 is formed as a reaction by-product probably determining the presence of a low-

intensity peak (at 780 nm) in the photoluminescence spectra of the corresponding NP systems.  

To determine the actual concentration of the species within the doped ZnO NPs, XPS measurements 

have been performed. From the analysis of the XPS spectra, it was possible to quantify in all the cases 

the atomic percentage of Zn and O, differentiating between the O linked to Zn and that linked to C. 

The presence of fluorine was detected only for the highest F concentration samples, with atomic 

concentrations of 1.5 % at. for sample F5, 1.7 % at. for F7.5, 7% at. for F10 and F20, and 8% at. for 

sample F15, respectively.  

Combined TEM and DLS analysis indicated that all ZnO NPs have an irregular shape and a significant 

tendency to aggregate. By considering the single NP as a sphere, the mean radius was determined 

through a statistical analysis of TEM images, obtaining a value of about 3 nm for all the synthesized 

NPs.  

The concentration of the doping agent, the morphology, and the size can significantly affect the 

optical properties of ZnO NPs. For this reason, and for sake of comparison with the properties of the 

corresponding ZnO NP films, the optical properties of all ZnO NPs were studied both in solution and 

at the solid state and were quantified both as relative quantum yield and band gap values.  
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When suspended in methanol, ZnO NPs have an absorption peak with a maximum between 332 and 

347 nm, and an emission band centered at about 530 nm, the so-called yellow-green band due to the 

presence of Vo or Oi. The same emission band is also present in the photoluminescence spectra, 

together with a peak at about 780 nm, already mentioned above, and a peak at about 380 nm, probably 

due to VZn or Zni. The band gap values obtained are in accordance with the fluorine concentrations 

determined by XPS measurements. In fact, the band gap for samples F0, F1, and F2.5, for which the 

concentration of fluorine was found to be zero, is 3.31 eV close to the value of bulk ZnO (3.37 eV). 

The minimum difference between the two values may be due to the presence of defects in the 

crystalline structure of ZnO NPs do not present in the bulk material. The band gap for samples F5 

and F7.5 is 3.27 eV, and for F10, F15, and F20 samples is 3.17 eV. The band gap decreases as the 

fluorine concentration increases. On the other hand, the system with the best optical properties in 

terms of relative quantum yield, and no alteration of the other physico-chemical properties with 

respect to the undoped NPs, is the F5 sample, with a relative quantum yield value of about 22%.  

Therefore, this system was used for the deposition of nanostructured films on either glass or silicon, 

using the undoped system, F0, as a comparison.  

By means of solid-state ellipsometry and XRR analyses, it was determined that the best support for 

the deposition of ZnO NPs is glass, while a thorough analysis by optical microscopy indicated that 

high concentrations of NP dispersions and low rotational speeds lead to the formation of a film that 

completely covers the support, is satisfactorily homogenous and scarcely wrinkled. Moreover, AFM 

and Raman microscopy confirmed the film was composed of ZnO NPs.  

Finally, the aptamer LA27 was physically immobilized on the ZnO NP film, and the success of the 

immobilization strategy was evaluated by means of UV-Visible spectroscopy, with the higher degree 

of support coverage determining a stronger interaction between the aptamer and the film. It was also 

demonstrated that this interaction is not affected by the presence of the doping agent, since a 

detachment percentage of about 60% occurs after 6 hours in an aqueous environment for both the 

films made up of undoped and doped NPs. 

This work proposed a oerspective platform for the realization of an optical aptasensor. From the 

development of the best F-doped ZnO NP system to the optimization of the interaction between the 

nanostructured transducer and the recognition biomolecule.  
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Appendix A – Scattering Techniques 

The term “scattering” in physics means a variation in the direction of motion of a particle due to 

collision with another particle.170 Scattering techniques, therefore, exploit this property of particles to 

investigate structure and dynamics of materials;171 with the great advantage being non-invasive and 

possibly non-destructive.  

Scattering techniques use a variety of probing radiation, such as visible light, X-rays, and neutrons to 

analyze matter in a large range of length scales, from Angstrom to microns.171,172 The theory 

governing visible light, X-rays, or neutron scattering is the same, even though visible light and X-

rays interact with electron present within the sample, while neutrons interact with nuclei. The 

difference is in the wavelength, in fact, the wavelength of visible light is in the order of hundreds of 

nanometers, X-rays in the 0.1-0.2 nm range, and neutrons in the 0.5 nm range.171,173  

 

A.1 Basic scattering theory 

Although scattering techniques have developed separately, the fundamental equations are the same 

formalism regardless of the source used.  

A scattering experiment can be described as a plane wave with a defined intensity, wavelength, and 

direction, incoming on the sample. Because of the interaction between the sample and the incident 

plane wave, a scattered wave is emitted, which can be described as a plane wave, in the condition of 

detection of the diffuse wave at a large distance from the sample. The interaction can be of two types: 

(i). inelastic when the scattered wavelength has a different energy that the incident, (ii). elastic, the 

scattered wavelength has the same energy as the incident.174  

The interaction between the incident ki and scattered ks waves generates a vector, known as scattering 

vector q, which can be expressed as follows:175 

4πn
q = sinθ

λ
                                                                (1) 

where n is the reflective index of the medium, λ is the wavelength, and θ is the half of the angle forms 

between the projection of the incident wave and scattered wave (Figure A.1).  
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Figure A.1. Schematic representation of a scattering experiment. 

 

The measurable parameter in a scattering experiment is the intensity (I), that is related to the product 

of two factors:171  

I(q) S(q) P(q)                                                                              (2) 

where S(q) is the structure factor, and P(q) is the form factor.  

The structure factor S(q) represent the spatial arrangement of the scattering elements, and it is 

expressed as follow:173 

iq rN N1 jk
S(q) := e

N j=1k=1



                                                               (3) 

where N is the scatters number and r := r - r
jjk k

 is the distance between two scatters.  

The form factor P(q), instead, is related to the size and shape of scattering particles. For example, for 

solid sphere with R radius, the P(q) expression is:171 

 
3

P(q,R)= sin(qR) - (qR)
3(qR)0



                                                       (4)  

However, the intensity measured in a scattering experiment depends not only on the structure of the 

individual scattering elements and their interaction, but also from the interaction between the probe 

radiation and the matter expressed by the scattering length b:173 

dσ 2I(q) b
dΩ

                                                                         (5) 
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where 
dσ

dΩ
 is the differential scattering cross section, and Ω  is the scattering solid angle. The 

differential scattering cross section is the probability that the incident wave is scattered by the sample 

within a certain solid angle, Ω , and it is proportional to b2. The scattering length b can have either 

positive or negative values, where a negative value signifies a change of the scattering phase.173 

Depending on the interaction with the radiation, b varies with the change of the probe used, in the 

following paragraphs will be explained for the three different probes.  

 

A.2 Light scattering: DLS 

Why do clouds appear white and the sky blue? Because of the interaction of light with matter. The 

visible light spectrum is in the range of 400-800 nm, that is, from violet to red. When the scattering 

particles are smaller than the wavelength of the incident light, the radiation spread is equal in all 

directions, Rayleigh scattering, which is why the sky is blue, instead the clouds appear white because 

the particles that constitute them have bigger dimensions than the wavelength of the incident light, 

therefore the diffusion of the radiation is different in the three directions, scattering of Mie. If this is 

true, why does the sky appear red at sunset? Because in addition to the size of the scattering particles, 

the angle of incidence is also important. These observations of daily life make it clear how important 

and exploitable is visible light for the characterization of colloidal systems. 

In a scattering experiment, a polarized light in one direction, for example z, is used as a source. The 

electric field of the incident wave E(t,x)= E cos(ωt - kx)
0

 causes the scattering center to oscillate. 

This induced dipole oscillates with the same frequency, which results in the emission of a scattered 

spherical wave.173 Since the intensity is measured and not the electric field it is necessary to use the 

following relationship:173 

2I = ε c E
0

                                                                                 (6) 

Whereas, moreover, the ratio of the scattered intensity to the incident intensity 
Is

I
0

, and c = λυ , the 

differential scattering cross-section is obtained:173 

4Idσ 16π'2 2 2s= R = α sin
4dΩ I λ0

                                                  (7) 
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where 'R  is the direction which is tilted against the direction of the polarization of the incident wave 

by an angle ϕ, and α is the polarizability. The polarizability, however, is not a measurable parameter, 

therefore a relationship with the refractive index n is used to determine it:173 

1 V 2α= (n - 1)
4π N

                                                           (8) 

where N is the number of scattering particles in a volume V. For a solute-solvent system under diluted 

conditions, the term in brackets becomes ( )
22 2(n - n )=

0
 , with 

dn2 2(n - n ) 2n c
0 0 dc

 
 
 

. Therefore, 

the differential cross-section of a point scatter is:173 

( )
4dσ 16π 22 2= b = Δα sin

4dΩ λ
                                                     (9) 

With the technique of Dynamic Light Scattering (DLS) it is also possible to determine the dynamic 

of the systems, as the instantaneous intensity of the sample is measured in the order of nanoseconds 

is considered, extremely shorter than the characteristic motion times of the particles in solution. The 

instantaneous intensity values are used to construct the intensity autocorrelation function 

2g (t)= I (0) I (t)s s , from which the diffusion coefficient D can be determined. In particular, D is 

obtained by converting 2g (t)  in the field autocorrelation function 1g (t)= E (0) E (t)s s  through 

Siergert equation:175–177 

2
2 1g (t)= 1+ β g (t)                                                              (10) 

where β  is the coherence factor of scattered radiation, and depends on geometric factor, characteristic 

of the instrumental apparatus used for the measurements. For short time intervals (ms) E (t) E (0)s s  

so 1g (t)= 1  while, considering β = 1 , 2g (t)= 2 . Instead, for long time intervals (s) 1g (t)= 0  and 

2g (t)= 1 .175–177  

The expression of 1g (t)  is closely dependent on the characteristics of the systems. For example, in 

the ideal case of particles dispersion having all the same shape and dimensions:175–177 

1 -Γtg (t)= e                                                               (11) 

If, however, the particles have different size:  
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1 -Γtg (t)= G(Γ)e dΓ
0



                                                       (12) 

with 2Γ = D q .  

Moreover, if the continuous medium hypothesis is satisfied, the interaction between the particles is 

negligible and the particles are spherical, through the Stokes-Einstein equation is possible to 

determine the hydrodynamic radius Rh:
175–177 

kT
D =

6πηR
h

                                                             (13) 

where k is the Boltzmann constant, T the temperature, and η  is the viscosity of the medium.  

 

A.2.1 Instrument 

The DLS measurements were performed using a home-made instrument, composed of a Photocor 

compact goniometer, an SMD 6000 Laser Quantum 50 mW light source operating at 532.5 nm, a 

photomultiplier (PMT-120-OP/B), and a correlator (Flex02-01D) from Correlator. Com.  

 

A.2.2 Sample preparation and experimental set-up 

The experiments were carried out at a constant temperature (25.0±0.1) °C using a thermostatic bath, 

and at a scattering angle θ of 90°, with the only exception of amine coated CeO2 NPs analyzed at 

120°. In any case, reflective index and viscosity of the solvent used were considered (Table A.1).  

Table A.1. Reflective index and viscosity at 25 °C for chloroform, methanol, and water. 

Solvent Reflective index 
Viscosity 

 P 

Chloroform 1.448 0.0053 

Methanol 1.329 0.0054 

Water 1.336 0.0089 

 

A.3 X-ray scattering 

X-rays, as in the case of visible light, interact with the electrons in the sample, and as the scattering 

of electromagnetic radiation on the matter depends on the frequency. The difference with light 



VII 

 

scattering is that it goes from low to high frequencies, so from Rayleigh to Thomson scattering, so a 

frequency-dependent atomic structure factor or scattering length is obtained.173,174,176,177 The 

scattering cross-section for Thomson scattering for a single electron, considering an unpolarized 

incident electron field, can be written as:173 

2dσ 1+ cos θ2= r
eldΩ 2

                                                     (14) 

where r
el

 is the electron radius. When considering Small Angle X-ray Scattering (SAXS), with 

correspondingly small values of θ, the equation 14 can be written as:173 

dσ 2 2= r Z
eldΩ

                                                           (15) 

with Z number of electrons in the atom. Therefore, considering the equation 9, the scattering length 

is:173 

b = r Z
el

                                                                             (16) 

In the X-ray scattering, each electron in the scattering sample scatters like an induced dipole scatterer 

and emits X-rays. X-rays scattered by different electrons arrive at the detector with different phases. 

These phase differences must be considered when amplitudes of the scattered waves are added 

together to calculate the resultant scattered amplitude. In the case of the Born approximation, the field 

incident on a scatter is not perturbated by the presence of the other scatterers, the intensity can be 

calculated as in the case of a single electron. Nevertheless, scattering studies are most useful when 

the scattered waves have a definite relationship with each other. In this case, the scattering amplitude 

A(q) is:177 

0

1/ 2A(q)= (I ) F(q)                                                               (17) 

where 
0

I  is the incident intensity, and F(q)  is a structure factor. For a continuous charge distribution 

ρ(r) , F(q)  can be written:177 

i(q r)
F(q)= ρ(r)e dV

V
                                               (18) 

Therefore, the scattering intensity I(q) is the product of the scattering amplitude A(q) and its complex 

conjugate *A (q) :177 
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2 2* *I(q)= A(q) A (q)= A(q) = F(q)F (q)I = I F(q)
0 0

                        (19) 

In this discussion, only the elastic scattering was considered, which, in the case of X-rays, represent 

the strongest component. However, X-rays can indeed transfer a small amount of energy to the 

electron. This phenomenon is known as Compton-modified scattering.178 

 

A.3.2 Structure determination: from Wide Angle X-ray Scattering (WAXS) to Small Angle X-

ray Scattering (SAXS) 

By combining the definition of q (equation 1) with the Bragg law (equation 20, Figure A.2), it can be 

demonstrated that the scattering vector is inversely proportional to the characteristic length of the 

sample d. 

λ= 2dsinθ                                                                              (20) 

 

 

Figure A.2. Schematic representation of Bragg law. 

 

This relation demonstrates how it is possible to investigate from the crystalline structure of a single 

particle to the structure of an aggregate of several particles to the variation of the angle.  

The WAXS technique specifically relies on the analysis of Bragg peaks scattered to wide angles. The 

diffraction pattern generated allows for the determination of the phase structure, and the crystallite 

size. The crystallite size is determined through the Debye-Scherrer equation:179 

0.9λ
D =

βcosθ
                                                                        (21) 
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where D is the crystalline size (nm), β is the full width of the direct line at half of the maximum 

intensity, λ is the X-ray wavelength of Cu Kα = 0.154 nm, and θ is the Bragg angle. 

Passing from wide to small angle, information about the structure of particles in solution can be 

obtained. In fact, the ordered structures, such as body-centered cubic (BCC), face-centered cubic 

(FCC), hexagonal, etc., can be determined through SAXS measurements. In the presence of ordered 

structures, the angular dependence of the scattered intensity shows specific Bragg patterns. The 

relevant positions of Bragg peaks are unique for different structures:171  

2π
d =

q
                                                            (22) 

 

A.3.2 WAXS: sample preparation, instrument, and experiment set-up 

WAXS measurements were conducted in CEA-Leti Research and Technology Institute (Grenoble, 

France) laboratories, using the Empyrean instrument from Malvern. The X-ray source is Cu, λ=1.54 

Å, 45 kV, and 40 mV. Powders of all synthetic NPs, both CeO2 and ZnO, were analyzed in the 2θ 

range between 10 and 80 degrees. The patterns of coated CeO2 NPs are reported in the range of 10-

60°, while those of F-doped ZnO NPs in the range of 20-80° to better highlight the characteristic 

peaks of the two crystals.  

 

A.3.3 SAXS: sample preparation, instrument, and experimental set-up 

SAXS analysis was performed at the beamline B21 of the Diamond Light Source (Didcot, UK). The 

beamline configuration was with a beam energy of 12.4 keV, a sample-to-detector distance of 3.7 m. 

These configurations allowed to collect the data for the scattering vector in the range between 0.0026-

0.34 Å-1. All samples of coated CeO2 NP superlattices were analyzed in water at 25 °C. The form 

factor of a sphere was subtracted from samples where it was considered necessary, to better highlight 

the Bragg peaks.  

 

A.4 Neutron scattering: Small Angle Neutron Scattering (SANS) 

Neutrons are non-charged particles having mass of 1.675 ּ10-27 kg, spin of ½ and a magnetic moment 

of -1.9132 nuclear magnetons. Due to their spin and magnetic moment, neutrons can interact in two 

different ways with the nuclei, giving rise to the nuclear and magnetic scattering. The nuclear 

scattering involves complex nuclear interactions between the spin states and the magnetic moments 
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of the interacting nucleus and the neutrons. Furthermore, neutrons are differently scattered from 

isotopes of a same element since they present different nuclear properties.174,177  

Neutrons can be produced in nuclear reactors, resulting from chain reactions involving 235U fission, 

spallation sources, where accelerated protons or electrons hit a heavy nucleus, can be as well exploited 

for neutrons production. In both type of sources, neutrons are obtained with a very high energy (hot 

neutrons) and need to be thermalized to be used for the scattering experiments. Thus, the produced 

neutrons are scattered by a moderator, which is composed by light nuclei. The inelastic collisions 

between the neutrons and moderator atoms reduce the neutron energy. If the moderator is enough 

large, the equilibrium condition at the moderator temperature for the produced neutrons energy and 

wavelengths can be controlled. According to their temperature, neutrons can be classified in hot, 

thermal, or cold neutrons. Among them, thermal neutrons are characterized by energy corresponding 

to about 20 meV, which corresponds to a wavelength close to that of X-rays, but with much less 

energy. The energies associated to atomic motions arising from vibrations, rotations, and translations 

in solids and liquids are like thermal neutron energies. Thus, thermal neutrons represent an effective 

probe to have both structural and dynamic information about the sample under investigation. 

Furthermore, neutron scattering is particularly suitable for the characterization of biological systems, 

since the high energy associated to X-rays might causes sample damage, unless short time exposure 

is used.174,177 

The interaction between neutrons and nuclei is quantified by the scattering length b, but, in contrast 

to light and X-ray scattering, the calculation of neutron b is difficult. As mentioned above, in fact, b 

depends in an unsystematic way on the nucleus into which the neutrons are dispersed. Moreover, 

dramatic variations in b are found for an isotopic replacement. This, and the spin dependence are 

visible from the differential cross-section expression:173 

iq rNdσ jk
(q)= b b e

j kdΩ j,k=1



                                                (23) 

the values of b b
j k

 depend on the given isotope and spin state. Since the individual scattering length 

are independent:  

2
j k : b b = b b = b

j jk k
                                                               (24) 

2 2j = k : b b = b = b
j jk

                                                                   (25) 
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which leads to: 

2 22b b = b + δ b - b
j k jk

 
 
 

                                                            (26) 

Assuming that the spin is independent to the position of the scatter element: 

iq rNdσ 2 2jk 2(q)= b e + N b - b
dΩ j,k=1

 
 
 



                                           (27) 

The first term of equation 27 represent the coherent part of the scattering intensity. This describes the 

scattering from nuclei which have the same b , includes all the interference terms, and thus it 

contains the entire structural information. With the coherent scattering, collective properties can be 

study, such as the spatial arrangement of elements. The second term, instead, is the incoherent part 

caused by the disorder of isotopes, it is important to study the behavior of individual scatterers, such 

as their self-diffusion.173  

The enormous variation in b varying the considered isotope allows modifying the contrast and 

therefore to obtain much more information in a SANS experiment. For example: (i). increase the 

contrast using hydrogenated samples and deuterated solvent; (ii). create or vary a contrast using a 

mixture of deuterated and hydrogenated particles. However, replacing isotopes can cause problems, 

such as changing the properties of the solvent, varying the melting point, inducing phase separation, 

and shifting the critical micellar concentration; therefore, it must be done with reasoning and when 

necessary.173 

 

A.4.1 Sample preparation, instrument, and experimental set-up  

SANS measurements were performed at the KWS-2 instrument located at Heinz Maier-Leibnitz 

Source, Garching Förschungzentrum (Germany). Neutron with a wavelength spread Δλ / λ of 0.1 

were used. A two-dimensional array detector at three different wavelength (W)/ collimation (C)/ 

sample-to-detector (D) distance combinations were used to measure the neutron scattered from the 

samples. This configuration allowed to collect the data for the scattering vector in the range between 

0.002-0.4 Å-1. The investigated systems were collected for a closed quartz cell. The raw data were 

corrected for detector sensitivity, blocked beam, background, and empty cell scattering, followed by 

the radial averaging and transformation to absolute scattered intensity I(q) using a secondary 

plexiglass standard. All samples of coated CeO2 NP superlattices were analyzed in deuterated water 

at 25 °C. 
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A.4.2 Data analysis 

Two types of samples were analyzed using SANS measurements: OA-C18@CeO2 250 and NaOA-

C18@CeO2 250. The data have been fitting using the SasView program (version 5.0). For OA-

C18@CeO2 250 sample, the data have been fitting combined two models: power law (equation 28), 

and FCC (equation 29), in the case of and NaOA-C18@CeO2 250, instead, power law and core-shell-

sphere (equation 32) models are used.  

-power
I(q)= scale q +bkg                                                (28) 

with power=power law exponent. 

scale
I(q)= V P(q)Z(q)

latticeV p
                                            (29) 

where V p  is the particle volume, P(q)  is the form factor of a sphere, Z(q)  is the paracrystalline 

structure factor for a face-centered cubic (FCC) structure, and V
lattice

 is the volume of crystalline 

structure, and is equal to: 

( )

316π r
V =  

lattice 33
D 2

                                                          (30) 

with r particle radius, and D distance between neighbor particles:  

qD 2 2 2= h + k +l
2π

                                                        (31) 

The intensity for the core-shell-sphere is: 

scale 2P(q)= F (q)+bkg
V

                                                 (32) 

with 

( )
( )

( )
( )

sin(qr ) - qr cos(qr ) sin(qr ) - qr cos(qr )3 c c c s s sF(q)= V ρ - ρ +V ρ - ρc c s s s solv3 3Vs qr qrc s

 
 
 
  

 (33) 

where Vs  is the particle volume, Vc  is the core volume, rc  is the radius of the core, rs  is the radius 

of the core and the shell, ρc  is the scattering length density of the core, ρs  is the scattering length 

density of the shell, and ρ
solv

 is the scattering length density of the solvent.  
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Appendix B – Microscopy 

Microscopy is a technique based on the magnification of a sample not visible to the naked eye.180 

Microscopy is divided into three branches: optical, electron, and scanning probe. Optical and electron 

microscopies involve the diffraction, reflection, or refraction of an electromagnetic radiation or 

electron beams interacting with the sample, and the collection of the scattered radiation or another 

signal to create an image. This process may be carried out by wide-field irradiation of the sample, 

light and transmission electron microscopies, or by scanning a fine beam over the sample, confocal 

laser scanning microscopy and scanning electron microscopy. Scanning probe microscopy involve 

the interaction of a scanning probe with the surface of the interest sample.181  

Each microscopy technique is characterized by a determined resolving power, which is closely related 

to the type of source used. The resolving power of a microscope can be defined as the minimum 

distance between two distinct points. In general, the resolution of an image is inversely proportional 

to the wavelength of the radiation that is used. At the first approximation, not considering the various 

optical aberrations, the following relationship, known as the Abbe principle, can be considered:182 

λ
d =

2NA
                                                                    (1) 

where d is the spatial resolution, λ is the wavelength, NA is the numerical aperture, that is a 

dimensionless number indicating the maximum angle useful for the system to receive or emit a 

radiation.  

The microscopes used in this thesis work will be described below. 

 

B.1 Optical Microscopy 

Optical microscopy involves passing visible light transmitted through ore reflected from the sample 

through a single or multiple lenses to allow a magnification of the sample.183 The wavelength of 

visible light is included from about 380 to 740 nm. In terms of frequency, this compares to a band in 

the vicinity of 430-770 THz. In practice, considering the diffraction phenomenon, light can not be 

focused on an infinitely small spot, consequently, objects that are together at a close distance can not 

be distriminated and minutiae of the way they are distributed in a certain space can be seen in an 

image only to a certain degree of visibility.182 This means that in the visible region of the 

electromagnetic spectrum, one can appreciate, for example, the adhesion of a biological cell to a 

surface without reaching the ability to see the cellular protein distribution at the molecular scale, or 
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the degree of coverage of a support but not the single particles that cover it. The magnified image can 

be observed directly or acquired through a camera.  

 

B.1.1 Sample and experimental set-up 

Optical images were acquired using Zeiss Axio Observer A1 microscopy. Each sample was analyzed 

at various points of the support. Using the ImageJ program, the degree of coverage was determined.  

 

B.2 Transmission Electron Microscopy (TEM) 

In Transmission Electron Microscopy (TEM) an electron beam of uniform current density is used. 

The electron energy is in the range from 60 to 150 keV or from 200 keV to 3 MeV in the case of the 

high-voltage electron microscope.184  

In a TEM experiment, electrons pass through a hollow tube, where vacuum is applied, and, when they 

reached the sample, are partially absorbed, partially diverted, and partially transmitted. Then, they 

continue their path through the lenses that magnify the image. The image as obtained is further 

magnified by the projective lens on the screen. The rays used during the experiment have little 

penetration power, therefore it is necessary that the sample is fixed, dehydrated, and thin on the grid. 

The resolving power of TEM is 0.2 nm and provides black and white images of the sample.184  

 

B.2.1 Sample and experimental set-up 

TEM images were acquired using the FEI TECNAI G2 200 kV microscope. For all analyzed samples, 

approximately 10 µL of each sample were placed on a carbon-coated copper grid and allowed to air 

dry before imaging. Images were taken at various magnifications for each sample, form the lowest 

magnification to have an overall view of the sample at the highest magnification to allow a statistical 

analysis of the size of the synthesized nanoparticles (coated CeO2 and F-doped ZnO), and the distance 

between two neighboring nanoparticles in coated CeO2 superlattice. The images are processed with 

a free digital imaging processing system, ImageJ. 

 

B.3 Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

A variant of TEM is represented by Cryogenic Transmission Electron Microscopy (Cryo-TEM). The 

advantage of this type of technology consists of the possibility to observe the sample directly in their 
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native environment. Generally, the term Cryo-TEM refers to electron transmission microscopy 

measurements in thin water-based film, vitrified. This technique provides, for example, the possibility 

of obtaining immediate images of structures formed by amphiphilic molecules in solution. These 

delicate and dynamic structures require an aqueous environment to form and maintain and poorly 

tolerate the drying procedure typical of conventional TEM.185  

In the Cryo-TEM technique, the solution to be analyzed is placed on a porous layer, the excess 

material is removed, the layer is placed on a normal grid for TEM, and then the sample is quickly 

frozen. The structures remain trapped in the vitrified film and can be observed without dehydration. 

Nevertheless, the contrast is a limiting factor. In fact, it is produced by the difference in electron 

density between the molecules and the solvent or between the various molecules that make up the 

structure under consideration. The resolution of this technique is 4/5 nm, then, for example, micelles 

are only seen as dots and only their size can be obtained. However, this technique, with this resolution, 

is very useful to determine the self-assembly of inorganic nanoparticles coated with organic layers. 

There are also limitations on maximum observable dimensions, determined by the thickness of the 

aqueous film. The maximum allowed size is about 500 nm, otherwise the diffusion of the electrons 

becomes too large and the vitrification process too slow. The liposomes and similar structures are the 

samples best analyzed with this kind of technique.185 

 

B.3.1 Sample and experimental set-up 

Cryo-TEM measurements were performed to characterize coated CeO2 NP superlattice structures and 

to determine the parameters that drive the hierarchical organization. Cryo-TEM images were carried 

out at Heinz Maier-Leibnitz Source, Garching Forschungzentrum (Germany), on a JEOL 200 kV 

JEM-FS2200 with a field emission gun (FEG). Samples for Cryo-TEM were prepared by placing a 5 

µL drop of superlattice suspension on a Quantifoil Multi A carbon-coated copper grid. After, the 

sample was cryo-fixed by rapidly immersing into liquid ethane at -180 °C in a cryo-plunge (EMGP 

Leica GmbH). The grid was inserted into a cryo-transfer holder (HTTC 910, Gatan, Munich, 

Germany), and transferred to a JEM 2200 FS EFTEM instrument (JEOL, Tokyo, Japan). 

Examinations were carried out at temperature around -180 °C. The transmission electron microscope 

was operated at an acceleration voltage of 200 kV. All images were recorded digitally by a bottom-

mounted 16-bit CMOS camera system (TemCam-F2016, TVIPS, Munich, Germany). Images have 

been taken with EMenu 4.0 image acquisition program (TVIPS, Munich, Germany) and processed 

with a free digital imaging processing system, ImageJ.  
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B.4 Atomic Force Microscope (AFM) 

Atomic Force Microscope (AFM) falls into the class of scanning probe microscopy. In fact, the AFM 

microscope consists of a cantilever at the end of which is mounted a tip, typically composed of silicon 

or silicon nitride, which has a curvature radius of the order of nanometers.186,187 

During an AFM experiment, the tip is placed near the surface of the sample to be scanned. The van 

der Waals force acting between the tip and the sample causes a deflection of the cantilever, whose 

elastic constant is known, in accordance with the Hooke law. Generally, the sample is placed on a 

piezoelectric tube, which can move it in a perpendicular direction, z-direction to maintain a constant 

force between the tip and the surface of the sample, and in the plane x, y to analyze the surface. The 

resulting map represents the topography of the surface sample nanometers.186,187 

 

B.4.1 Sample and experimental set-up 

The combined atomic force microscopy (AFM) and micro-Raman analysis were conducted with the 

integrated apparatus Alpha300-RA (WiTec). The system can be switched at will between AFM and 

confocal micro-Raman configurations, allowing a combined topographical and spectral 

characterization of a specified microregion of the sample. The samples topographies were studied by 

AFM in intermittent contact (AC) mode using a cantilever with 75 kHz resonant frequency. For the 

micro-Raman analysis, a laser beam at λ= 488 nm was used as excitation light source. The beam was 

focused onto the sample surface by means of a microscope objective with magnification 50x and 

NA= 0.75 working in epi-illumination mode. The diffraction-limited focused spot in the objective 

focal plane had a full width at half-maximum (FWHM) of approximately 320 nm. The light 

backscattered from the sample was collected by the same objective and sent to the spectrograph 

through a confocal optical collection path. 
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Appendix C – Spectroscopy 

The interaction between light and matter has allowed the development of different spectroscopic 

techniques able to probe different molecular characteristics.188 

The interaction of electromagnetic radiation with the matter is a quantum phenomenon and depends 

on both the properties of the radiation and the structure of the sample. Electromagnetic radiation is 

characterized by a wavelength, which is the spatial distance between two consecutive peaks, the 

frequency, which is the number of oscillations made by the wave in 1s, and the amplitude, the 

maximum length of the vector that describes the wave. The element responsible for this 

electromagnetic phenomenon is the photon, which has properties of both a wave and a particle of 

zero mass. As a particle, it interacts with matter by transferring energy E:188 

hc
E = = hυ

λ
                                                                 (1) 

with h  Plank constant, λ wavelength, and υ  frequency. The energy variation ΔE  that occurs due to 

the interaction of radiation with matter will be:188 

ΔE = E - E = hυstartfinal
                                                                    (2) 

When radiation provides energy to matter, it causes the electrons to transfer from the electronic 

ground state S0 to the electronic excited state S1, energy is then absorbed by matter. Subsequently, the 

relaxation returns the electrons to their initial state. This relaxation can occur in various ways, 

causing, for example, fluorescence or heat emission.188,189 

In the following paragraphs, the spectroscopic techniques used in this thesis work will be presented.  

 

C.1 UV-Visible Spectroscopy 

UV-Visible spectroscopy is an absorption spectroscopic technique, thus determining the energy 

absorption following the interaction between an electromagnetic wave and the matter. Depending on 

the energy used for the transition, the molecule will absorb in the ultraviolet region (180-400 nm) or 

in the visible region (400-800 nm), in accordance with equation 1. As mentioned above, this 

interaction causes an electronic transition from a ground state to an excited one. The electronic 

transitions in molecules can be classified according to the participating molecular orbital. Only two 

transitions are possible using light in the UV-Visible region, namely *n π→  and *π → , where n 

is the non-binding orbital, *π  anti-binding, and   binding. The possibility of the photon being 
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absorbed by matter depends on the extinction coefficient α , which in turn depends on the photon 

wavelength. This means that if the light with intensity I0 passes through a sample of thickness d, the 

resulting intensity will be -αdI = I e
0

. The ratio between I0 and I can be determined by the Lambert-

Beer law (equation 3) from the absorbance A of the sample, which is the experimentally measurable 

parameter:188 

I
0A = εcd = log
I

                                                            (3) 

where ε  is the molar absorption coefficient, and c the molar concentration of the sample. The 

Lambert-Beer law is only valid for low concentration.188  

During a UV-Visible absorption experiment, changes in the sample and or in the immediate 

environment of the sample may also be evaluated due to a shift in the maximum absorption at higher 

value of wavelength (red shift or bathochromic effect), or at lower (blue shift or hypsochromic effect), 

an increase in maximum absorption (hyperchromic) or decrease (hypochromic).188  

 

C.1.1 Band gap 

The band gap is the energy difference between the maximum of the valence band and the minimum 

of the conduction band.190  

The energy of the band gap is an important parameter for the definition of the properties of a 

semiconductor, like metal oxide nanoparticles, and it can be calculated in various ways, one of the 

most common ones is that proposed by Tauc in 1966.191,192 

The Tauc method assumes that the absorption coefficient depends on energy according to the 

following relationship:  

( )
1
γα hν = B(hν - E )g                                                                 (4) 

where α is the absorption coefficient, h is the Planck constant, υ is the photon frequency, Eg is the 

band gap energy, and B is a constant: the γ factor depends on the nature of the electron transition and 

it is equal to 0.5 for the direct transition band gap and to 2 for indirect transition band gap.193  

The band gap energy is usually determined from diffuse reflectance spectra, which can be transformed 

into the corresponding absorption spectra by applying the Kubelka-Munk function (equation 5): 
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( )
2

1 - RK
F(R )= =

S 2R





                                                      (5) 

where R  is the ratio of the reflectance of the sample to that of the standard, K is the absorption 

coefficient, and S is the scattering coefficient.194 Substituting α with F(R )  gives the following: 

( )
1
γF(R ) hυ = B(hυ - E )g                                                         (6) 

Plotting the first term of equation 6 as a function of hυ  gives a graph from which the band gap can 

be obtained.  

 

C.1.2 Sample and experimental set-up for UV-Visible measurements in suspension 

UV-Visible spectroscopy measurements were performed using a Jasco V-560 UV-Vis instrument, 

dual-beam instrument, equipped with a deuterium lamp (190-350 nm) and a halogen lamp (330-900 

nm). 1.5 mL of suspension containing the coated CeO2 or F-doped ZnO NPs was placed in a quartz 

cuvette in order to carry out the measurements (optical path: 1 cm, band width: 2.0 nm, and scanning 

speed: 40 nm/min). For coated CeO2 NP suspensions, chloroform was used as white, instead, for F-

doped ZnO NP suspensions, methanol, respectively, storage solvents of synthesized NPs.  

 

C.1.3 Sample and experimental set-up for band gap determination 

UV-Vis DRS measurements on powdered F-doped ZnO NPs were carried out using a UV-2600i UV-

Vis spectrophotometer 230 V, equipped with an integrating sphere ISR-2600Plus operating in a 

wavelength range of 220-1400 nm. Barium sulfate was exploited as a reflectance standard.  

 

C.2 Fluorescence Spectroscopy 

Once the electron has passed into the excited state due to the absorption of the energy to return to its 

initial state it must disperse this energy. One of the possible ways to disperse this energy is emit light. 

The process that occurs between the absorption and emission of light are usually illustrated by the 

Jablonski diagram (Figure C.1).189 
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Figure C.1. Jablonski diagram. 

 

The absorption, as already seen, brings the electrons from the state S0 to the excited states S1 or S2. In 

some cases, a first relaxation from S2 to S1 is possible, known as internal conversion. Relaxation from 

the excited state S1 to initial state S0 causes energy emission, known as fluorescence (lifetime<10-8s). 

This emission is practically the mirror image of absorption. This similarity occurs because electronic 

excitation does not greatly alter the nuclear geometry. However, molecules in the state S1 can also 

undergo a spin conversion to the first triplet state T1, intersystem crossing. Emission from T1 is called 

phosphorescence (lifetime>10-8s), and is generally shifted to longer wavelength, then lower energy, 

relative to the fluorescence.189  

A general property of fluorescence is that the same fluorescence emission spectrum is generally 

observed irrespective of the excitation wavelength, Kasha rule. Upon excitation into higher levels, 

the excess energy is quickly dissipated, leaving the fluorophore in the S1 state. Because of this rapid 

relaxation, emission spectra are usually independent of the excitation wavelength. Exceptions exist, 

such as fluorophores that exist in two ionization states, or molecules that can emit directly from the 

S2 state.189 

 

C.2.1 Relative Quantum Yield 

Quantum yield Φ is the number of emitted photons relative to the number of absorbed photons.189 

The easiest way to estimate the quantum yield of a sample is by comparison with a standard of known 

quantum yield, such as quinine sulfate, fluorescein, or rhodamine:164 

s

2
A F nsΦ =
A F ns s


    
    

     
                                                     (7) 
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where As is the absorption of standard, A is the absorption of the sample, F is the integral of the area 

below the fluorescence peak of the sample, Fs is the integral of the area below the emission peak of 

standard, n, and ns are the reflective indices of the solvent in which the sample and the standard are 

solubilized, respectively, and ϕs is the quantum yield of standard.  

 

C.2.2 Sample and experimental set-up for fluorescence measurements 

Fluorescence spectra were recorded at 25 °C using a Horiba Scientific Fluoromax-4 

spectrofluorometer equipped with a Peltier control system and 1 cm path length cells. Each F-doped 

ZnO NP suspension was excited to the specific absorption wavelength, determined by means of UV-

Visible spectroscopy measurements (integration time: 0.1 s, excitation and emission slit width:5 nm).  

 

C.2.3 Sample and experimental set-up for relative quantum yield determination  

To perform a correct analysis for the determination of the relative quantum yield each measurement 

was performed on three independent samples of F-doped ZnO NPs and three independent samples of 

quinine monohydrate, used as standard. All samples were excited at the maximum absorption 

(maximum value of 0.3) wavelength determined by UV-Visible spectroscopy measurements, while 

the standard was excited at 317 nm. The instrument used to perform the fluorescence measurements 

to calculate the relative quantum yield is the same as described in the previous paragraph, but using 

the excitation and emission slit width of 2 nm.  

 

C.3 Photoluminescence Spectroscopy 

The term luminescence indicates all the phenomena that lead to the emission of electromagnetic 

radiation by the matter following an excitation. If the exciting energy is of electromagnetic origin, 

the phenomenon is called photoluminescence.189 

Photoluminescence includes the fluorescence and the phosphorescence phenomena described in 

detail above.  

In some cases, the emission can take place after a few hours or even days.189 
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C.3.1 Synthesized NPs: experimental set-up 

Photoluminescence measurements of amine coated CeO2 NPs and F-doped ZnO NPs were carried 

out at CEA-Leti Research and Technology Institute (Grenoble, France) using an Hariba LabRAM 

HR instrument, equipped with a microscope objective (x40, Thorlabs NA 0.5 WD 1 mm), visible 

grating (100 grooves/mm), CCD detector. The measurements, on powders or deposited nanoparticles 

on silicon supports, were performed using a laser with a wavelength of 325 nm, power of 1 mW, at 

room temperature, and with an entrance slit of 300 µm.  

 

C.3.2 Coated CeO2 superlattices: experimental set-up 

An in-house setup for excitation-resolved photoluminescence (PLE) was used to analyze the optical 

properties of coated CeO2 superlattice suspensions, in collaboration with Dr. Stefano Lettieri of 

Physical Department “Ettore Pancini” of University of Naples Federico II. The PLE setup provided 

wavelength-tunable incoherent light to excite and collect the photoluminescence (PL) of a sample 

placed in controlled environment and using a double-lens confocal optical system to collect the PL 

spectral intensity. Excitation light at variable central wavelength spanning in the interval from 340 

nm to 420 nm (FWHM of the excitation line approximately 2 nm) was provided by a 

monochromatized Xe lamp, collected by a liquid waveguide and focused on the samples, which 

consisted of 200 µL droplets coated CeO2 aqueous suspensions dropped onto an aluminum substrate 

placed into the optical chamber. The PL light was collected by a multi-mode 1000 µm core optical 

fiber and sent to a motorized monochromator of 320 mm equivalent focal length, equipped with a 

cooled CCD camera for spectral acquisition. Before detection, the light emerging from the samples 

was filtered of the spectral components of wavelengths shorter than 420 nm to avoid the detection of 

spurious signals originating from the excitation light and to reduce a residual Raman signal 

originating from the liquid waveguide. Residual signal measured from the Al substrate and from the 

pure solvent (i.e., water droplets) was largely negligible with respect to the ones detected for the 

dispersions of functionalized CeO2 NPs. 

 

C.4 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is a spectroscopic technique that allows analyzing the 

surface of materials, allowing both a qualitative and quantitative analysis of the different chemical 

species present on the surface.195  
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The XPS technique is based on the photoelectronic effect. When a sample is exposed to 

electromagnetic radiation of adequate energy, the electrons of the atoms can be emitted. 

Photoemission is a complex process that can be divided into three successive stages: (i). the incoming 

photon is absorbed by an electron, which passes to an excited final state; (ii). the electron moves on 

the sample surface; (iii). the electron is ejected into the vacuum. During the path of the electron to the 

surface, the most electrons generated undergo inelastic collisions, which result in a reduction in 

kinetic energy. Thus, the photoemission spectra consist of two main components, namely primary 

and secondary electrons. The primary electrons, that do not undergo inelastic collisions, determine 

distinct peaks, that, in first approximation, reflet the density states of the sample. The secondary 

electrons, instead, have lost kinetic energy because of their interaction with the matter. They 

determine a continuous spectrum in energy up to zero kinetic energy. These two types of electrons 

provide different types of information. The primary peaks allow the determination of the binding 

energy of the electron states of the sample, while the secondary electrons are mainly used to determine 

the work function of the sample. The resulting spectrum consists of primary electrons with a kinetic 

energy E
kin

 given by a following equation:195 

E = hv - E - φskin b
                                                         (8) 

where hv  is the photon energy, E
b

 is the binding energy of the electron, and φs  is the work function 

of the sample, that is the minimum energy needed to extract an electron from the material in the 

vacuum.  

The most important information is related to E
b

, whose value not only depends on the chemical 

element from which the photoelectron is extracted but also contains information about the chemical 

configuration in which the photoelectron atom originates.  

During a XPS experiment a high-energy (<2keV) X-ray beam produced in a linear accelerator is 

collimated on the sample. The electrons torn from their level of belonging cross the surface layer of 

the material and are re-emitted in the working chamber. The experiment requires that the atmosphere 

be kept in ultra-high vacuum to avoid energy losses of electrons due to collisions with other particles. 

The emitted electrons are detected by passing from an energy selector through a photomultiplier, 

which amplifies the number of electrons received to a certain energy and converts this signal into a 

voltage signal. By changing the electromagnetic parameters of the selector, it is possible to scan 

energy ranges from a few tens of eV to a few thousand of eV.195 
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C.4.1 Sample and experimental set-up 

Surface properties of coated CeO2 and F-doped ZnO NPs were investigated by XPS analyses which 

were carried out using a spectrometer VersaProbe II with a monochromatic Al Kν X-ray source (hν 

= 1486,6 eV), a spot of 200 µm, and a dual-beam system (Ar+ et ¯e) for charge compensation. The 

pass energy was set at 23.5 eV, leading to an overall energy resolution of 0.6 eV. Photoelectrons were 

collected at a take-off angle of 45◦, which means a sampling depth of approximately 5 nm. 

Decomposition of the spectra was done using Voigt functions after Shirley’s background subtraction 

with the Multipak software. XPS measurements were carried out at CEA-Leti Research and 

Technology Institute (Grenoble, France).  

 

C.5 Micro-Raman Spectroscopy 

Raman spectroscopy is the study of the interaction between light and matter where light is 

inelastically scattered. 

During an experiment using Raman spectroscopy, light of a single wavelength is focused onto a 

sample. Most commonly a laser is used as it is a powerful monochromatic source. The photons from 

the laser interact with the molecules of the sample and are scattered inelastically. The scattered 

photons are collected, and a spectrum is generated from the scattered photons.196,197 

Raman micro-spectroscopy is where a Raman micro-spectrometer is used in place of a standard 

Raman spectrometer. A Raman micro-spectrometer consists of a specially designed Raman 

spectrometer integrated with an optical microscope. This allows the experimenter to acquire Raman 

spectra of microscopic samples or microscopic areas of larger samples. The advantages are that much 

less samples is required and certain effects may also be enhanced over very localized regions.196,197 

C.5.1 Sample and experimental set-up 

Experimental set-up is described in paragraph B.4.1.  
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Appendix D – Film Characterization Techniques 

In this appendix will be described two techniques used for the characterization of ZnO NP films, 

reflectivity and ellipsometry.  

 

D.1 Reflectivity Technique 

Reflectivity techniques analyze the reflective radiation from surfaces and are complementary methods 

to microscopy techniques, with the advantage of being able to analyze solid-liquid or liquid-liquid 

interfaces. In a reflectivity experiment, represented in Figure D.1, the property of a flat surfaces to 

reflect the incoming wave, thus scatter it at the same incident angle, is exploited. By measuring 

reflected wave intensity over the incident one, as function of the scattering vector q, information about 

the composition profile normal to the sample surface can be obtained. 

 

 

Figure D.1. Schematic representation of a reflectivity experiment. 

 

It is possible to distinguish two different kind of reflectivity experiments. Specular reflectivity is 

devoted to the characterization of the interface in the direction z normal to the surface. Thus, only the 

intensity reflected at the same angle of the incident wave is analyzed. This means that the interface is 

considered homogenous composition in x, y plane, and the reflective properties of the surface can 
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change only in the z-direction. On the other hand, off-specular reflectivity is used to measure the 

reflected wave at angles different from the incident one. Form this kind of experiments information 

about the inhomogeneities in the direction parallel to the surface are accessible.198–200 

 

D.1.1 Basic reflectivity theory 

According to the scheme in Figure D.1, an incoming wave hitting a surface through a medium 0, it is 

partially reflected by the surface with the same angle θ, and partially transmitted through the medium 

1. To describe this phenomenon, it is important to recall the concept of refractive index n (equation 

1), which is the properties of each material to change the propagation of the wave when it passes 

through a material.201 

n = 1 - δ+ iβ                                                                            (1)  

where 
2λ ρ

δ =
2π

 with ρ scattering length density, and iβ  is responsible to the absorption of the 

incoming wave.  

The fundamental laws describing the reflection of an incident plane wave from a flat surface are 

reported in equations 2 and 3:201 

cosθ = cosθ
0

                                                                          (2) 

n cosθ = n cosθ
0 0 1 1

                                                                  (3) 

where θ
0

, θ , and θ
1

 are the incident angle, reflection angle, and refraction angle, respectively, while 

n
0

 and n
1

 are the reflective indices of the two media in contact.  

The amplitude of the incoming wave in the z-direction is defined:201 

ik sinθ z
0 0A (z)= e

0
                                                                 (4) 

The amplitude in the medium 0 is the sum of the incoming wave and the reflected one:201 

ik sinθ z ik sinθ z
0 0 0 0A(z)= e + r e

01
                                                     (5) 

The amplitude in the medium 1 is, instead, the transmitted wave:201 
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ik sinθ z
0 1A (z)= t e

1 01
                                                                (6) 

Imposing that the A
1

 is the same on both side of medium 1, and that also its derivative with respect 

to z is the same, the wave amplitude must vary smoothly along the interface. Hence, the reflectivity 

R can be expressed as:201 

2
k sinθ - k sinθ
0 0 1 1R =

k sinθ + k sinθ
0 0 1 1

                                                   (7) 

Since reflectivity is a function of the incident angle, it is possible to avoid the existence of a critical 

angle θc. For θ θc0
 the maximum interaction between the incoming wave and the surface occurs. If 

the medium 0 is the vacuum (n0=1), cosθc  is equal to n1. Instead, if 
2θ

cosθ = 1 -
2

 and n = 1 - δ
1 1

 it 

is possible to obtain an approximated expression of the critical angle:201 

ρ
θ = λc

π
                                                                      (8) 

So, for θ θc0
 reflectivity can be determined with a simple relationship:201 

216π 2R Δρ
4q
z0

                                                                  (9) 

where Δρ  is the difference in terms of scattering length density between the two media.  

During a reflectivity experiment the sample is deposited on a suitable support, and it is in contact 

with a medium, such as air or a solvent. Thus, the presence of one or more layers must be considered 

between the medium 0 and 1. A general approach is based on considering ρ  as a function of z. Thus, 

the equation 9 becomes:201,202 

2216π dρ(z)iq z+ zR(q )= e dzz -2 dzqz


                                                      (10) 

where 
dρ(z)

dz
 is the Fourier transform of the scattering length density profile. If the interface is a sharp 

step between two materials with different scattering length density, ρ
1

 and ρ
2

, the scattering length 
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density profile is given by the difference between ρ
1

 and ρ
2

 times a delta function δ(z) . Since the 

Fourier transform of a delta function is 1, the expression of R(q )z  is given again by the equation 9.  

However, a more realistic representation of the system can be achieved by substituting the δ  function 

by a function describing the interface shape. In particular, it is possible to consider that the interface 

is a diffuse interface. This situation can be represented with an error function of (z) :201 

2z dz
dρ(z) Δρ 22σ= e

dz σ 2π
                                                        (11) 

with 

2z dzzΔρ 22σp(z)= e
σ 2π -




 

and so: 

( )
216π 2 2 2R(q )= Δρ -q σz z2qz

                                                (12) 

The σ parameter is related to the characteristic of the interface between the two materials, and at its 

roughness. In fact, the more a surface is rough, the more interface with a second material will be 

diffuse, and faster will be the reflectivity decay with q. 

The great advantage of the obtained reflectivity expression (equation 12) is that it underlines the 

relation between R and the composition variation along the z-direction, which allows determining the 

thickness and the scattering length density profile. However, it is worth to note that even the equation 

12 does not represent a complete description of the system. Indeed, the R expression that was obtained 

does hold only for large incident angle with respect to the critical angle. To obtain an R expression 

for the entire q range, the optical matrix method proposed by Born and Wolf can be used.  

The optical matrix method allows calculating the R from any number of parallel homogenous layers. 

This means that the sample can be represented by a stack of parallel layers, each of them are 

characterized by a certain thickness, and scattering length density. This method leads to an exact 

calculation of the R profile. Each layer is characterized by a matrix Mi :
201 

i
cosβ - sinβ

i ivM = ii

-iv β cosβ
i i i

  
  

  
 

 
 
 

                                                            (13) 
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where β = kn d sinθ
i i i

 and d
i
 is the thickness of the layer i. R is obtained by combining the matrices 

of the different layers constituting the sample. For example, for a sample with two layers it is, and a 

solid(s)-air(a) interface:201 

( ) ( )

( )

2
M + M v v - M + M vs a s11 12 21 22

R =
M + M v v + (M + M )vs a s11 12 21 22

                                   (14) 

Eventually the matrix can be slightly modified to also include the roughness. Although it does not 

lead directly to the scattering length density profile, the optical matric method offers the advantage 

of exactly calculating the reflectivity at any angle.  

 

D.1.2 X-Ray Reflectivity (XRR) 

The theoretical considerations given in the previous paragraph are valid regardless of the source used 

in the reflectivity experiment. In this thesis, the samples, F-doped ZnO NP films, were analyzed by 

X-ray Reflectivity (XRR). The choice fell on XRR because the samples to be analyzed were 

composed of inorganic NPs.  

As already seen in the case of X-ray Scattering (Appendix A), X-ray radiation is part of the broad 

spectrum of electromagnetic waves. X-rays can be produced by the acceleration or deceleration of 

electrons either in vacuum or in metallic targets. The most widely X-ray radiation used is the Cu Kα. 

It has a typical wavelength of about 0.154 nm, associated to a very high frequency of the order of 

1019 Hz, which is at least four orders of magnitude greater that the eigen frequency of an electron 

bound to a nucleus.201 In addition, this technique is extremely sensitive to any defects of flatness at 

the scale of a tenth of nm. So, it is the ideal technique for characterizing an inorganic NP film. 

  

D.1.3 XRR measurements: experimental set-up 

XRR measurements were carried out at ILL/ESRF laboratories in Grenoble (France), using a Bruker 

instrument. After several tests, the final configuration, best for F-doped ZnO NP films 

characterization, was: 10 mm Cu mask, 1/32° slit for incident beam, 1/4° anti-scattering outgoing 

beam, 1/8° slit for detector, no soller, and automatic attenuator.  
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D.2 Solid State Ellipsometry 

Ellipsometry is an optical technique that allows the detection of the variation of the polarization state 

of a polarized light beam produced by interaction with a linear optical element. Only the change in 

the polarization state between incident and reflected wave is measured making the measurement 

independent of the intensity I of the beam, and then by any fluctuations of I.  

The theory that connects the variations of the polarization state of the electromagnetic waves to other 

optical parameters was originally developed by Fresnel and is the same at the base of the reflectivity.  

In ellipsometry the quantities that are measured are the angle   and   whose definition is linked to 

Fresnel coefficients by the fundamental equation of the ellipsometry: 

iΔρ= tanΨe                                                               (15) 

tanΨ  is linked to the ratio of the amplitude of the coefficients of reflection, and Δ  is the difference 

between the two shifts of the reflected and incident waves. These two independent parameters allow 

determining the optical properties of the substrate, such a reflective index, or geometric properties, 

such as thickness of a transparent film deposited on a known substrate.203  

 

D.2.2 Instrument and experimental set-up 

Solid-state ellipsometry measurements were carried out at ILL/ESRF laboratories in Grenoble 

(France), using a fixed angle (73°) home-made instrument. The instrument consists of a red laser, a 

monochromator, and two polarizers. The first place between the source and the sample, necessary to 

send the linear polarized light to the sample, the second, instead, places between the sample and the 

monochromator to analyze the polarization of reflected light.  

Measurements were first conducted on cleaned silicon supports to determine their thickness. After 

the NP film deposition procedure, measurements were carried out with at least 20 analysis points per 

substrate.
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