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1.1  Luminescent Materials 

Luminescent materials, or phosphors, are substances that convert an energy input to an electromagnetic 
radiation emission. There is a wide range of sources for the energy required for phosphors to emit light, which 
also leads to the classification of luminescent phenomena. 

Photoluminescence is electromagnetic radiation emission from matter in an electronically excited state 
following the absorption of non-ionizing photons, and it is widely used for dopant characterization and in 
fluorescent and solid-state lamps. 

Radioluminescence involves absorption of high energy, ionizing radiation (X-ray, γ-ray) with subsequent light 
emission. It’s the main mechanism through which scintillators function and it’s applied to radiation and 
nuclear particle detectors. 

Cathodoluminescence refers to the case in which energetic electrons are used as the source. Its name comes 
from early atomic physics experiments. 

Electroluminescence is defined as stimulation of emission by collisional excitation of internal electrons 
because of an applied electric field. It’s used in LCD screens, LEDs and OLEDs. The electrons’ energy is much 
lower than in cathodoluminescence. 

Other categories are bioluminescence (input from a biological reaction), chemiluminescence (energy from a 
chemical or biochemical reaction), sonoluminescence (excitation by sound waves), thermoluminescence 
(activated by heat), and triboluminescence (strain/fracture as the energy source). 

Another phosphor classification is based on the time-domain response of the luminescent system: 
fluorescent emissions are fast, with lifetimes lower than the arbitrary 10 ns threshold, while phosphorescent 
materials have longer decay times. It’s worth noting that this is not a very clear distinction, however: if a 
material’s luminescent state decays very quickly, but is fed by a slower, non-luminescent excited state, the 
luminescence lifetime measured will be that of the slower level, so the system will be labeled as 
phosphorescent even if the luminescent level has very fast decay [1]. 

Luminescent materials can be prepared by embedding into suitable matrixes localized luminescence metal 
centers responsible for energy absorption and light emission. These are classified in three main categories: 

I. Lanthanide ions: ions of elements with Z = 57-71. Their prevalent oxidation state is +3 and they emit 
in a broad range of wavelengths from UV to NIR. The luminescent transitions are f-f 
intraconfigurational transitions or f-d transitions. This kind of center will be discussed in more detail 
in the 1.1.1  section. 

II. Transition metal ions: ions of metals with unfilled nd shells and d-d luminescent transitions. Since 
the electrons involved in the transition belong to an outer shell, when this kind of center is introduced 
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in a crystal, its energy level structure is heavily influenced by the nearest environment, usually 
resulting in degenerate level splitting. 

III. ns2-type ions: ions with this kind of external electron configuration luminesce through s-p transitions 
that result in bright and efficient emissions. The luminescence is strongly affected by the surrounding 
host lattice, which leads to a wide range of emissions (UV/blue to red). These ions can be 
characterized by an off-center position because of their lone electron pair, which, though in theory 
spherically symmetric, is subjected to pseudo-Jahn-Teller distortion and nephelauxetic effects that 
cause directionality [2]. 

 

1.1.1  f-f transitions: Luminescent properties of Pr3+ ions 

In this thesis work, trivalent praseodymium (Pr3+), a lanthanide ion, was selected as the luminescence center.  

Lanthanides are long known as lighting elements, with emissions all throughout the visible spectrum and more 
(Figure 1). Luminescence occurs from a lanthanide energy level if the gap to the next lower energy level is 
spanned by five (sometimes, even by four) or more phonons provided that the luminescent level is suitably 
populated and that it is not non-radiatively deactivated to the next lower-lying level [3]. 

The 4f orbitals in lanthanide ions are shielded by the more external 
electrons, such as those belonging to the 5s and 5p orbitals. This means 
that f-f transitions are only very slightly affected by the nearest 
environment and are relatively the same across different host lattices in 
terms of energy positions. These transitions are forbidden because they 
happen between states with the same parity (Laporte’s Rule), however, 
they become weakly allowed because of (i) crystal field if the crystalline 
environment has no inversion symmetry, (ii) allowed magnetic dipole 
transitions and (iii) electron-phonon interactions. Strong absorption and 
efficient luminescence can still be achieved by means of different paths 
such as the population of the emitting state through the so-called “charge 
transfer” energy level or a level with a 4fn-1 5d1 configuration, that in turn 
are parity-allowed to relax to the upper levels of the 4fn configuration. From 
here, electrons will return to the ground state via single or multiple radiative 
emissions [1]. 

On the other hand, 5d orbitals extend further away from the nucleus than 
4f orbitals and, as such, aren’t shielded as well from the surrounding 
environment. This means that f-d transitions are more sensitive to the 
crystal field than f-f transitions and commonly seen as the centroid shift of 

Figure 1 Some optical transitions of 
lanthanides that are responsible for 

luminescence from 300 to 900 nm, from [4]. 
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5d orbitals, tied to the nephelauxetic effect. Furthermore, f-d transitions, as opposed to f-f transitions, are 
allowed and generate broad spectral bands with high adsorption cross-section [2] [5].  

Pr3+ ions are characterized by 4f2 electronic configuration. Luminescent Pr3+-doped materials have been used 
for a wide variety of applications, such as lighting (1S0→1I6→upper 3P levels), scintillation (3P0→3HJ) [6] [7], 
medical imaging (PET) (4f1 5d1→3H4,5,6,3F2) [8], antimicrobial UV emission (4f1 5d1→1S0) [9] and 
thermometry (3P1→3H5/3P0→3H5 and 3P1→3H6/3P0→3H6) [10] [11]. 

The relative position of the excited 4f15d1 configuration energy level and the 1S0 (4f2) energy level is very 
important to determine the nature of the emission from Pr3+ in a solid. If the 4f1 5d1 configuration has higher 
energy than the 1S0 energy level, the material supports luminescence from the 1S0 level and is able of multiple 
photon emission. If, instead, the 1S0 level has greater energy, the Pr3+ emission will be mostly made of broad, 
parity allowed 4f1 5d1 → 4f2 transitions, though emission can be lacking when 4f1 5d1 relaxes non-radiatively 
to lower 4f2 levels. Finally, if the two levels have comparable energies, simultaneous emission from the 4f1 
5d1 and 1S0 is possible, with their relative probabilities depending on temperature [7]. It is worth noting that 
the bandgap energy and the position of the conduction band bottom of the host play an import role as well. 

 
Figure 2 The three different possibilities for energy levels of Pr3+ in a solid, from [7]: if 4f1 5d1 is at higher energy than 1S0 (left), if 4f1 5d1 is at lower energy 

than 1S0 (center), or if the two levels have comparable energy (right). 
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1.1.2  Scintillators, nanoscintillators and radioluminescent materials 

Scintillators are radiant energy converting materials that absorb high-energy, ionizing radiation, usually in the 
X-Ray or γ-Ray range, and re-emit light in the UV/Visible range. When X-rays are used, this is called X-Ray 
Excited Optical Luminescence (XEOL). 

Their conversion properties make them very suitable for ionizing radiation detection when coupled with a 
photomultiplier tube (PMT), a device that is able to absorb the scintillation from a material, convert it into an 
electrical signal and amplify it, allowing precise measurements of the incident light intensity. 

 
Figure 3 Schematic of the radiating energy conversion in a scintillator used for ionizing radiation detection. 

Scintillation is a very complex process, though it can be simplified in three steps [12]: 

I. Absorption is when the high energy ionizing radiation is absorbed by the scintillator’s electrons, 
creating an electron-hole pair, or exciton. 

II. Migration is the process by which excitons move to luminescent centers. During this, a part of 
excitons either can’t move because of trapping, or recombine non-radiatively at quenching centers, 
thus not participating in the next step. 

III. Emission occurs when an exciton has enough momentum to reach a luminescence center and 
recombine radiatively. 

An important parameter for these materials is scintillation efficiency (ηscin), which is dependent on the 
efficiency of conversion (β), transfer (Q) and luminescence (S). These are correlated by the following 
equation: 

𝜂𝑠𝑐𝑖𝑛 =  𝛽𝑆𝑄 

Where β is a phenomenological parameter that’s between 2 and 3. 

This can also be put in terms of the overall efficiency of conversion, that is the number of photons emitted 
per incoming particle energy, Ne/h: 

𝑁𝑒/ℎ =  
𝐸𝑖𝑛𝑐

𝛽𝐸𝑔
𝑆𝑄 
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In particular, Ne/h is the number of electron-hole pairs, Einc is the incoming particle energy, Eg is the bandgap 
of the host scintillator, S is the efficiency of migration to and excitation of a luminescent center, and Q is the 
quantum efficiency of the center itself. 

An important note is that, usually, the energy required for the creation of an exciton is more than the exciton 
energy itself. From the Shockley approximation [13], this value is about E = 3 Eg, where Eg is the material’s 
band gap. However, Robbins’ calculations found that, depending on the type of lattice of the material, this 
was between 2.3 and 7 Eg [14].  

The X-ray adsorption coefficient is also a fundamental parameter, and it expresses the efficiency of the 
material to absorb X-rays in the conversion stage [15]: 

  

𝛼 =  
𝜌

𝐸3
∙

∑ (𝑥𝑖𝑍𝑖)4
𝑖

∑ 𝑥𝑖𝐴𝑖𝑖
 

Where ρ, E, Zi, Ai and xi are density, radiation energy, and atomic number, atomic mass and molar fraction of 
the ith species respectively. 

In 1895, Wilhelm Roentgen observed that barium platino-cyanide 
(Ba[Pt(CN)4]) and calcium sulfide (CaS) emitted photons in the 
visible range when irradiated by X-rays, and the first generation 
of scintillators (CaWO4 and ZnS) was developed. In this early 
stage, luminescence was assessed by naked eye measurements. 
It took until the 1940s to 1960s for the second generation of 
scintillators to be developed, with materials like NaI (Tl), CsI (Tl), 
CaF2 (Eu) and CdWO4. In 1973, the first bismuth germanate 
(BGO) crystals were synthesized, and the cerium-activated third 
generation of scintillators was developed soon after, with Lu2SiO5 

: Ce, LYSO : Ce, Gd3(Al,Ga)5O12 : Ce. Nowadays, updated BaF2, 
CdWO4, BGO, GSO : Ce, LaBr3 : Ce, LuAG : Ce, Gd2O2S : Tb, and 
thick films of CsI (Tl) are widely commercially available [16]. 

The problem with these traditional scintillators is that they are 
synthesized through very expensive and complex processes, 
they’re very thick so they cause scattering, and they’re very brittle, limiting their flexibility of application. 

Recently, halide perovskites have been studied as scintillators for their very high X-ray absorption coefficients 
given by the high Z atoms present therein. However, these kinds of scintillators also have problems, such as 

Figure 4 History of scintillator development divided into 4 phases, from 
[16]. 
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poor photo- and environmental stability, high toxicity of ions from the employed materials (e.g. Pb), and low 
light yield (LY) at room temperature. 

Some important characteristics that make an ideal scintillator are high light yield, high atomic number, short 
emission decay lifetime, high density, and cheap, easily scalable synthesis [17].  

There are three main kinds of scintillators [12]: 

 Organic scintillators, aromatic compounds such as naphthalene, anthracene and stilbene that 
present multiple interlinked benzene rings. Their luminescence is very short-lived and can be 
observed in any physical state, as their fluorescence mechanism involves transitions between 
energy levels of a single molecule.  
Considering a certain amount of organic scintillator molecules at room temperature, their electrons 
will all occupy the ground state. When energetic X-ray or γ-ray photons interact with these 
electrons, they will be excited to the upper levels. While the ones in S2 and S3 states de-excite very 
quickly and non-radiatively to S1, electrons in the S1 state yield fluorescence through the S1 →S0 
transition. Meanwhile, the T1 state can be populated by electrons in the S1 state through a 
forbidden transition (intersystem crossing, ISC). These electrons, by decaying to the S0 state, give 
rise to phosphorescence. This delayed emission of light has lower energy than the fluorescence 
because T1 has lower energy than S1. 

 

 
Figure 5 Scintillation mechanism of organic scintillators, from [18]. 
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 Gaseous scintillators, usually a mixture of gases such as nitrogen and noble gases, with He and Xe 
being the most studied. The mechanism here involves the de-excitation of single atoms that are 
excited by the interaction with an incoming particle. This is a very fast process and requires 
waveshifters along the walls of the container, as most gases emit in the UV region and PMTs work 
more efficiently on visible light. Nowadays, this technology is still limited by low flexibility and poor 
scalability. 

 Inorganic scintillators are crystals, usually grown at high temperatures, such as alkali metal halides. 
The lattice structure of these crystals has a very important influence on scintillation, however most 
pure inorganic scintillators are not usable as they are: they have very poor decay efficiency from 
valence to conduction band, and their band gap is usually well above the energy range for visible light. 
To solve these problems, inorganic scintillators are usually doped with trace amounts of lanthanide 
metal impurities that create special lattice sites in the host possessing altered bandgap structure. 
This allows energy transfer from the host matrix to the guest metal atoms and causes visible light 
emission. The response time here is usually slower than organic scintillators, however inorganic 
scintillators have a high specific energy loss because of their high density. Inorganic scintillators that 
have been doped are defined as extrinsic, while pure inorganic scintillators are intrinsic scintillators. 

  
 

 
Figure 6 Scintillation mechanism of a pure (intrinsic) inorganic scintillator. 
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Figure 7 Scintillation mechanism of a doped (extrinsic) inorganic scintillator. 

Traditional scintillators are usually single crystals because they have high optical transmission in the required 
emission range, however growing large single crystals is a very complex process requiring particularly pure 
chemicals, specific lab equipment and a large amount of time (up to 6 months).  

Microcrystalline scintillator powders (MSP) are an alternative, but their use is limited by their porosity which 
causes light scattering and opacity of the material, and by their limited miscibility with most polymers and 
gels that hinders commercial use [12]. 

Nanomaterials, that is, materials with at least one dimension comparable to a billionth of a meter (10-9 m, or 
nm), notoriously possess a high surface-to-volume ratio and their surface properties are easily tunable. 
They’re also able to be used as transparent dispersions and find an important role for specific applications. 

The high S/V ratio of nanoparticles is a hindrance for development of efficient scintillation: the surface energy 
states give excitons a nonradiative pathway to de-excite and, in doped systems, a large surface fraction of 
dopant atoms is present; both these factors lead to surface quenching and diminished scintillation efficiency. 
This problem is tackled either by particle coating using a crystalline or amorphous shell, or by surface 
inactivation of the nanoparticle via removal of surface hydroxyl groups. 

Nanoparticles are also subjected to a different environment to the bulk material: surface forces, that become 
important at the nanoscale, generate more pressure on a nanoparticle, causing crystal field fluctuations. This 
structure effect can cause variations in lattice parameters (bond length and angles), which means that 
nanometric materials effectively possess a different structure to the bulk counterpart. 

When a nanoparticle’s size is comparable to the exciton Bohr radius (about 10 nm), an effect known as 
quantum confinement occurs. In these conditions, quantum mechanics prevail on classical mechanics and 
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semiconductor NPs experience an increase in light conversion efficiency due to the spatial overlapping of the 
electron and hole wavefunctions, and nano-resonator arrangement that increases density and spontaneous 
emission probability of virtual photons. This process is very similar to the scintillation in nanomaterials, with 
the only difference being that semiconductors are given energy by electrical or optical means, while 
scintillators use ionizing radiation. Nanomaterials can also generate multiple excitons by interaction with 
only one photon [12] [18]. 

These properties make nanomaterials a very attractive choice for development of nanoscintillators. Indeed, 
in 2006, Letant et al. [19] developed porous quantum dots (QDs) made of CdSe/ZnS; in 2009, Weaver et al. 
[20] synthesized multi-size CdSe QDs; in 2011, Park  [21] created a plastic scintillator with CdTe/ZnS QDs; 
in 2012, Lawrence et al. [22] made a polymer composite thin film doped with CdTe and CdSe QDs; in 2015, 
Shin et al. [23] researched the optical properties of graphene QD optical sensors; in 2017, Liu et al. [24] 
produced a polyvinyl toluene material doped with CdZnS/ZnS QDs; in 2018, Chen et al. [25] synthesized 
perovskite nanocrystals (carbon, CdTe and CsPBr3); Tam et al. [26] added CdS QDs to PVT to enchance 
scintillation; in 2019, Chang et al. [27] studied the effect of surface protection of QDs using a thiol on the 
scintillation process; Brus et al. [28] developed a radiation detector with a Schottky double junction of 
graphene and CdTe; Kim et al. [29] developed a gamma-ray detector based on single-wall carbon nanotubes 
and [30] graphene QD-containing transistors; Heo et al. [31] researched nanostructured perovskites to 
advance X-ray imaging technology through CsI:Tl and GSO scintillators. 

When luminescent ions characterized by long decay times such as in the case of f-f transitions and sometimes 
d-d transitions are used, the emission stimulated by ionizing radiation is defined radioluminescence. 
Radioluminescent materials are very useful for many applications where the fast response is not required. In 
this view, since the process is still based on the energy transfer from the host to the luminescent center, the 
use of materials with the characteristics of scintillators as hosts, able to efficiently absorb the radiation, is a 
good choice. 

 

1.2  Bismuth silicates: Bi2O3-SiO2 phase diagram 

Luminescent Bi-based oxide compounds, particularly Bi2O3, have recently gained attention due to their low 
costs, low toxicity, and the peculiar effects of the lone electron pair of Bi3+ on the crystal structure, which 
gives these materials properties such as ferro-, piezo- and pyroelectricity. Bi2O3 is also very interesting as a 
host for luminescence centers because of Bi3+’s asymmetric electron density influencing their emission 
properties [2] [32] [33] [34] [35]. 

Bismuth silicate family consists of three different compounds of different Bi2O3:SiO2 molar ratio: Bi4Si3O12, 
Bi2SiO5 and Bi12SiO20. The 2:3 compound, Bi4Si3O12 (BSO), was investigated as a possible substitute of 
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bismuth germanium oxide (BGO) as a scintillator for high energy physics experiments [36], while the 6:1 
compound, Bi12SiO20, mainly finds application in photocatalysis [37] and optic current sensors [38].  

The metastable 1:1 molar ratio compound, Bi2SiO5 is employed in a variety of applications, such as 
ferroelectric memory devices [39], photocatalysis [40] and optical thermometry [4]. Its crystal structure is 
comparable to perovskites, aurivillius-types and brownmillerites (Figure 8). When one of every two octahedral 
layers of perovskite-types is replaced by fluorite-type Bi2O2 layers, an aurivillius-type structure is obtained; 
moreover, if one every two octahedral layers is replaced by parallel one-dimensional tetrahedral chains, a 
brownmillerite-type structure is obtained. The Bi2SiO5 structure is obtained when both substitutions take 
place [41]. 

 

 

 
Figure 8 Comparison of the Bi2SiO5 structure with perovskite-, aurivillius- and brownmillerite-type crystals, from [41]. 
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The properties of the Bi2O3-SiO2 system were first studied by Levin and Roth [42], who built a phase diagram 
via high-temperature XRPD analysis and established the presence of a bcc phase at the 6:1 Bi2O3:SiO2 molar 
ratio. Later, Fei et al. improved this phase diagram via DTA and XRPD analysis of oxide powders [43], building 
both a stable and metastable phase diagram (Figure 9, Figure 10). The stable phase diagram shows that, at 
low SiO2 mol%, a eutectic occurs between the δ phase (δ-Bi2O3) and the γ1 phase (Bi12SiO20) at 825° C and 
1 mol% SiO2, with the δ + γ1 and α (α-Bi2O3) + γ1 phases crystallizing at lower temperatures. When 
increasing SiO2 mol%, one more eutectic is formed by the γ1 phase and γ2 phase (Bi4Si3O12) at 885° C and 25 
mol% SiO2; a solid solution of the γ1 and γ2 phases crystallizes at lower temperatures until 60 mol% SiO2. 
Here, at 1030° C, the peritectic reaction L + SiO2 → Bi4Si3O12 occurs, while beyond this mol% SiO2 the solid 
solution γ2 + θ (SiO2) crystallizes. η (Bi2SiO5) is a metastable phase, so it is not found in this diagram, but it’s 
obviously reported in the metastable phase diagram. Here, a miscible system is shown below 22 mol% SiO2, 
where a small amount of SiO2 forms a solid solution (δ phase) with δ-Bi2O3. A peritectic L + η (Bi2SiO5) → δ 
reaction is also present at this mol% SiO2 and 720° C. At 30-45 mol% SiO2, η crystallizes first, then δ 
crystallizes forming a η + δ mixture. Most importantly for this work, η (Bi2SiO5) crystallizes as a single phase 
when mol% SiO2 is around 50: the authors stress that, although Bi2SiO5 is a metastable compound, it can be 
cooled to room temperature without phase transition. However, conventional procedures to stabilize bulk 
Bi2SiO5 required long treatments and very slow cooling that can take days [44]. Beyond 50 mol% SiO2, θ 
crystallizes alongside η, forming a solid mixture. The ability of Bi2SiO5 to crystallize and cool to room 

Figure 9 Stable phase diagram of the Bi2O3-SiO2 system, from [43]. Figure 10 Metastable phase diagram of the Bi2O3-SiO2 system, from [43]. 
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temperature as a single phase, together with the ideal properties of Bi-based oxides as hosts, makes it an 
excellent candidate for the synthesis of photo- and radioluminescent Pr3+-doped nanoparticles. 

 

1.2.1  Doping effect in Bi2SiO5 

The effect of lanthanide doping on the structure 
of Bi2SiO5 and its properties was extensively 
studied by Taniguchi et al. [41] by analyzing 
Bi2SiO5 glass samples with 1-10% dopant 
amount through XRPD and Raman analyses, and 
dielectric measurements. The researchers 
proposed that lanthanium (La) doping causes 
disordering of the one-dimensional SiO4 chains 
present in the Bi2SiO5 structures (Figure 11) 
when the dopant amount is greater than 3%. This effect determines a change in the XRPD pattern of the glass 
samples (Figure 12), particularly the progressive merging of the 020 and 002 peaks into a single intermediate 

peak around 33.3° when the lanthanide amount is less than 3%. 
Interestingly, the sample with 1% lanthanide doping showed an XRPD 
profile that was the sum of the spectra from undoped Bi2SiO5 and that 
from samples with higher dopant amount, suggesting a coexistence 
of ordered and disordered chains in its crystal structure. Raman 
analysis unveiled a drastic change in the scattering spectra (Figure 
13), most likely owed to the modification of lattice dynamics by La, 
and confirmed that both phases were present in the sample with 1% 
dopant amount. Dielectric measurements showed that La doping 
causes suppression of ferroelectricity, which becomes complete 
when all the SiO4 chains are disordered. Lattice parameters were also 
plotted against temperature, and anomalies were found for each of 
them, owing to an isosymmetric phase change in the ferroelectric 
phase of Bi2SiO5 that also occurs for pyroxenes, which are also 
compounds with SiO4 1D chains [45]. 

 

 

Figure 11 a) Ordered and b) disordered SiO4 chains, with the dashed square indicating 
possible SiO4 orientations, from [41]. 

Figure 12 Magnified diffraction pattern in the 32.0 
to 34.5°, from [41]. 
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Figure 13 Raman analysis data from [41]. 
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Although Bi2SiO5 thin films are of particular interest as radiation detectors, the synthesis of Bi2SiO5 
nanostructures is usually expensive, time-consuming and requires special substrates [46]. Recently, 
however, hydrothermal synthesis surfaced as a viable method to obtain pure and monodisperse Bi2SiO5 
nanoparticles and nanostructures [46] [4] [47], which enabled various works on this material on the 
nanoscale. Here, the Bi2SiO5 phase is usually obtained by coating hydrothermal Bi2O3 nanoparticles with the 
appropriate amount of SiO2 to obtain a core-shell structure, then thermally treating the particles to kickstart 
the reaction of bismuth oxide and silica to Bi2SiO5. Interestingly, the final product consisted of hollow 
nanospheres: during the reaction, Bi2O3 has a higher diffusion velocity in SiO2 than vice versa, so the core will 
be left empty as Bi2SiO5 forms and a final Bi2SiO5@SiO2 nanostructure is obtained. This and the hydrothermal 
process of synthesis will be discussed more in section  

Luminescent properties of lanthanide-doped Bi2SiO5@SiO2 core-shell nanoparticles have been studied for 
luminescent centers such as Eu3+, Nd3+, and the upconverting couples Yb3+-Er3+, Yb3+-Ho3+ and Yb3+-Tm3+ [4] 
[45] [46], but no studies exist on the luminescent or radioluminescent properties of Pr3+-doped Bi2SiO5@SiO2 
nanoparticles.  

 

1.3  Aim of the Thesis 

The aim of this work is the synthesis and characterization of monodisperse Pr3+-doped Bi2SiO5@SiO2 core-
shell nanoparticles to be exploited as ratiometric radioluminescent thermometers. A detailed structural, 
morphological and optical properties analysis (both photoluminescence and radioluminescence) of the 
systems is employed to assess their suitability as a reliable and sensitive radioluminescent thermometers. 
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Chapter 2   

Materials and Methods 
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2.1  Reagents 

The following reagents were used in this thesis work: 

a. Deionized H2O 
b. Bi(NO3)3  5H2O (Sigma-Aldrich, 98%, d = 1.15 g/mL, MW = 252.84 g/mol) 
c. Tetraethoxysilane (TEOS, Alfa Aesar, d = 0.934 g/mL, MW = 208,93 g/mol) 
d. Ethanol (Supelco. EMPARTA, d = 0.79 g/mL, MW = 46.07 g/mol) 
e. 2-propanol (Sigma-Aldrich, 98%, d = 0.785 g/mL, MW = 60.10 g/mol) 
f. Pr(NO3)3  6H2O (Aldrich, d = 2.233 g/mL, MW = 435.01 g/mol)  
g. NH4OH (28-30%, Sigma-Aldrich, d = 0.9 g/mL, MW = 35.05 g/mol) 
h. Polyvinylpyrrolidone (PVP, d = 1.2 g/mL, MW = 40000 g/mol) 
i. Ethylene Glycol (Sigma-Aldrich, d = 1.116 g/mL, MW = 62.07) 
j. Urea (Alfa Aesar, d = 1.34 g/mL, MW = 60.06 g/mol) 
k. HNO3 (65%, Carlo Erba Reagents, d = 1.4 g/mL, MW = 63.01 g/mol) 
l. Tetraethoxy germanate (TEOG, Sigma-Aldrich, d = 1.14 g/mL, MW =252.84 g/mol) 

 

a. Two 150 mL beakers 
b. Metal spatulas 
c. Glass rods 
d. 1000 µL and 100 µL micropipettes  
e. One 500 mL round-bottom flask 
f. One 50 mL round-bottom flask 
g. Centrifuge tubes  
h. One bomb reactor with Teflon lining 
i. Oven (MPM Instruments, M120-TB PID System) 
j. Laboratory Scale (KERN ABJ-NM/ABS-N) 
k. Centrifuge (HERMLE Z383K) 
l. Ultrasonic Bath (Bandelin Sonorex Digitec) 
m. Furnace (Carbolite Gero) 
n. Magnetic stirring thermal plates (Heidolph MR Hei-Tec, IKA C-MAG HS7) 
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2.2  Methods 

2.2.1  (Bi1-xPrx)2SiO5 nanoparticles synthesis procedure 

2.2.1.1  Synthesis of Pr-doped Bi2O3 NPs 

Before beginning the synthesis process, a 75 mM Pr(NO3)3 solution, a 0.25 M Bi(NO3)3 solution and a 1 M 
HNO3 solution were prepared in H2O. 

Three batches of doped Bi2O3 NPs with different dopant amounts were synthesized; the relative metal 
precursor solution compositions are reported below. An additional fourth, non-doped batch served as the 
reference sample. 

 

Composition 
Pr3+ solution 
amount (mL) 

Bi3+ solution 
amount (mL) 

HNO3 solution 
amount (mL) 

Total volume 

Bi2O3 - 6 14 

20 mL 
(Bi0.995Pr0.005)2O3 0.1 5.97 13.93 

(Bi0.99Pr0.01)2O3 0.2 5.94 13.86 

(Bi0.98Pr0.02)2O3 0.4 5.88 13.72 

 

For each batch, two solutions were prepared in two different 150 mL beakers under mild stirring: 

a. In the first beaker, 7.5 µmol (0.3 g) of PVP (MW = 40000) were dissolved in the appropriate 20 mL 
metal precursor solution. 

b. In the second beaker, 5.4 mmol (0.3243 g) of urea were dissolved in 100 mL of ethylene glycol. 

Note that, if room temperature was lower than 20° C, PVP didn’t dissolve very well, and the employment of a 
hot plate set at 30° C was necessary. 

Once both solutions were clear, the second solution was poured in the first and the new mixture was left 
stirring for 5 minutes. Then, this was transferred to a Teflon-lined bomb reactor of appropriate size and put 
in an oven at 150° C for 3 hours. 

Later, the mixture was removed from the oven and slowly cooled down at room temperature for about an 
hour. After this, the reactor was opened and the product, now a white, milky liquid, was centrifuged at 13000 
rpm for 15 minutes and the clear supernatant was discarded. 

The resulting white particles were washed with water using the same centrifuge until the supernatant’s pH 
was neutral; this usually took two or three centrifugation cycles. Then, two more washes with ethanol were 
performed before drying the product at 60° C overnight. 
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The next day, the particles were weighed, and yield was estimated. Some of the particles were redispersed in 
ethanol and deposited on stubs for SEM measurements. 

 

2.2.1.2  Synthesis of core-shell (Bi1-xPrx)2O3@SiO2 NPs and thermal treatment to obtain (Bi1-xPrx)2SiO5 NPs 

The Stöber method was used to form a SiO2 shell on the doped particles’ surface; the same synthesis 
parameters were used for all three kinds of particles. 

Firstly, 240 mL of ethanol and 60 mL of water were put, under stirring, in a 500 mL round-bottom flask 
equipped with a stir bar. After this, with the help of a glass rod, 300 mg of each batch of particles were 
dispersed in the solution.  

Then, 12 mL of ammonia solution were added, and the first addition of TEOS, 637.5 µL, took place after 
making sure the solution was homogeneous. 

The reaction mixture was left stirring for two hours before adding the second aliquot of TEOS (637.5 µL, for a 
total of 1275 µL), then, after two more hours, the product was poured in centrifugation tubes and washed 
until the supernatant’s pH was neutral. After this, one more wash in ethanol was performed; subsequently, 
the particles were left to dry in an oven at 60° C. 

The next day, the shelled particles were collected and weighed, and a small amount of each was separately 
redispersed in ethanol for deposition on a stub destined to SEM analysis. 

Later, the particles were transferred to three crucibles (one for every different batch) and were subjected to 
thermal treatment at 750° C for 2 hours. 

After the thermal treatment, the batches were collected and weighed. A small amount of each was separately 
redispersed in ethanol and deposited on a stub for SEM analysis; the remaining particles were analyzed 
through XRD, reflectance and luminescence measurements. 

 

2.2.2  Characterization Techniques 

For this thesis work, to examine the nanoparticles’ size and morphology,   backscattered electrons (BSE) and 
secondary electrons (SE) images were taken with a Carl Zeiss Sigma VP FE-SEM equipped with a Bruker 
Quantax 200, with an accelerating voltage from 5 to 20 kV. 

For AFM analysis, nanoparticles were dispersed and diluted in MilliQ water to obtain a 10 µM solution. Later, 
the NPs solution was deposited on a mica (muscovite) disk-shaped substrate with sub-nanometric roughness. 
This degree of roughness was obtained by mechanically peeling a monoatomic surface layer from the mica 
disk with an adhesive sheet stuck to the surface. The deposition was performed via sedimentation, by 
incubating 500 µL of solution on the substrate for 5 minutes. 
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Powder diffraction data (XRD) was obtained in Bragg-Brentano geometry using a PANalytical X'Pert Pro 
diffractometer using Ni-filtered Cu Kα radiation (V = 40 kV, I = 30 mA). 

Diffuse Reflectance UV-vis measurements were carried out with a Cary 5000 UV-Vis spectrophotometer 
equipped with an integrating sphere. 

PL emission and PLE excitation spectra were carried out using a Horiba-Jobin Yvon Fluorolog 3–21 
spectrofluorometer. The photoluminescence spectra were collected by exciting the samples by means of a 
xenon arc lamp (450 W), selecting the excitation wavelength using a double Czerny–Turner monochromator 
and collecting with a QEPro-XR (Ocean Insight) CCD. All spectra were recorded at RT under the same 
conditions. The temperature-dependent measurements were performed using a THMS600 heating-cooling 
stage from Linkam (0.1 °C temperature stability and 0.1 °C set point resolution). 

Radioluminescence (RL) analysis were conducted in collaboration with Prof. Mauro Fasoli and Dr. Francesca 
Cova of the Università degli Studi di Milano-Bicocca. The RL spectra were taken by exposing samples to 
unfiltered X-ray irradiation through a Be window, using a Philips 2274 X-ray tube with a tungsten target 
operated at 20 kV. At this operating voltage, a continuous X-ray spectrum is produced by a Bremsstrahlung 
mechanism superimposed on the L and M transition lines of tungsten, due to the impact of electrons 
generated through the thermionic effect and accelerated onto a tungsten target. 
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Chapter 3   

Results and Discussion 
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3.1  Synthesis of (Bi1-xPrx)2SiO5 nanoparticles 

The synthesis of Bi2SiO5 nanostructures is, as previously said, expensive, complex and requiring special 
substrates [46]. However, a method of synthesis involving the hydrothermal preparation of lanthanide-doped 
Bi2O3 nanoparticles, their coating with a silica shell, and thermal treatment to kickstart the localized reaction 
between Bi2O3 and SiO2 to specifically obtain lanthanide-doped Bi2SiO5@SiO2 nanoparticles was proposed in 
2020 [48]. This method was adopted for the current synthesis. 

 
Figure 14 Schematic representation of the synthesis strategy for core-shell, lanthanide-doped Bi2SiO5@SiO2 NPs. 

3.1.1  Hydrothermal synthesis of Pr3+-doped Bi2O3 NPs 

Hydrothermal synthesis is a process that takes advantage of high temperature and pressure conditions to 
enhance the solubility of reagents in the solvent and obtain products that can’t be synthesized in conventional 
conditions. This method was used by Qin et al. to prepare porous, multifunctional Bi2O3 NPs using 
Polyvinylpyrrolidone (PVP) as a capping agent to control the particle size and shape [49]; the researchers 
proposed a possible model for the reaction which involved: 

i. Formation of Bi3+-PVP coordination complexes between the trivalent ion and the carbonyl oxygen of 
PVP, with excess PVP forming a micelle around the complex; 

ii. Slow release of the Bi3+ ions from the complex, making them available for reaction with the OH- ions 
and slowing down crystallization and nucleation; 

iii. Formation of Bi2O3 particles that are unable to quick aggregate because of PVP coating, which 
modulates the particle size. 
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The researchers, however, stress that the involved reaction mechanism is still uncertain and needs to be 
investigated more. 

Both Qin et al. and Back et al. found that particles obtained with NaOH were smaller than those obtained with 
urea. Casagrande [4] also noted that Bi2O3 particles prepared with NaOH were more susceptible to 
morphology changes when a dopant was introduced than those prepared with urea . For these reasons, urea 
was selected as the OH- source. 

 

3.1.2  Modified Stöber process for SiO2 shell coating 

Silica shell coating is a widespread practice for protection of nanoparticles from unwanted wear and/or 
unwanted reactions and functionalization of the SiO2 shell irrespective of the core’s nature [4]. In the case of 
lanthanide-doped particles, the silica shell also reduces surface quenching effects in favor of luminescence 
quantum yield [50].  

The synthesis of monodisperse silica nanospheres was first proposed by Stöber et al. [51] and it involves 
hydrolysis of a silica precursor (usually tetraethyl orthosilicate, TEOS) in an alcool (usually methanol or 
ethanol) in the presence of ammonia as a catalyst: 

 

The produced ethoxysilanols undergo condensation among themselves and TEOS, leading to cross-linking of 
silanol units and the formation of SiO2 spheres: 

 

Casagrande [4] found that the  𝜇𝑙𝑇𝐸𝑂𝑆

𝑚𝑔𝐵𝑖2𝑂3

 ratio was determinant in the thickness of the shell:  

 When it was 2, no freestanding SiO2 NPs were found; 
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 When it was 4, only 3% of the observed NPs were 
freestanding silica NPs, however the SiO2 shell was much thicker 
than before; 
 When it was 8, 13% of the observed NPs were freestanding 
silica NPs, and the shell thickness wasn’t substantially improved. 
The researcher also discovered that adding the TEOS amount in two 

aliquots of 2  𝜇𝑙𝑇𝐸𝑂𝑆

𝑚𝑔𝐵𝑖2𝑂3

 helped prevent the presence of freestanding 

SiO2 NPs in the product. 

Thus, a  𝜇𝑙𝑇𝐸𝑂𝑆

𝑚𝑔𝐵𝑖2𝑂3

 ratio of 4.25 was selected for this thesis work, with 

the TEOS to be added as two separate aliquots of 2.125  𝜇𝑙𝑇𝐸𝑂𝑆

𝑚𝑔𝐵𝑖2𝑂3

, 

as to obtain thick silica shells and minimize any silica NPs formation. 

 

3.1.3  Thermal treatment  

Taniguchi et al. [41], while investigating the effect of La doping on 
the properties of Bi2SiO5 structure in bulk, proposed that the phase 
transition from Bi2O3 to Bi2SiO5 is complete after 600° C.  

The effect of thermal treatment up to 770° C on Er3+-doped Bi2O3@SiO2 NPs was studied by Casagrande [4] 
by performing in-situ temperature-dependent XRPD analysis on a 2% Er3+-doped sample. Her study 
demonstrated the formation of the Bi2SiO5 phase from 600° C upwards, which persisted even after cooling to 
25° C. It was demonstrated that the in-situ reaction between the Bi2O3 core and the SiO2 shell starts at 500° 
C, but is not complete until the sample is heated to 600° C. An interesting feature of the post-treatment NPs 
is that, although the spherical morphology is maintained, they are hollow and have a double-layered 
Bi2SiO5@SiO2 architecture. This phenomenon is due to the high rate of diffusion of Bi2O3 into SiO2, that leads 
to bismuth oxide moving through the silica shell and leaving an empty core behind. 

For this work, the thermal treatment was performed at 750° C for 2 hours to maximize the rate of the in-situ 
reaction and ensure its completion. 

 

 
  

Figure 15 2D (above) and 3D (below) structure of TEOS. 
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3.2  Morphological Analysis: SEM and AFM  

SEM micrographs were recorded for each batch of nanoparticles at all stages of synthesis, that is, after the 
synthesis of Bi2O3 NPs, after the coating of these with SiO2 shells, and after the thermal treatment of the 
shelled particles. 

 
Figure 16 SEM micrographs of Bi2O3 particles: a) undoped; b) doped with 0.5% Pr3+; c) 1% Pr3+; d) 2% Pr3+. 

Micrographs for the bare and Pr3+-doped Bi2O3 batches are shown in Figure 16. The average size and 
distribution width (as FWHM of the distribution) are reported in Table 1. 

From the data, all batches have similar average sizes, with the undoped particles being the smallest and most 
monodisperse. The doped batches are at least twice as polydisperse as the undoped one, the 2% batch having 
the widest distribution, with a FWHM of 82.1 nm. 

The size distribution histograms for each batch are reported in Figure 17, while the comparison between the 
four batches can be seen in Figure 18. In both pictures, it’s evident that the smallest and least polydisperse 
batch is indeed the undoped one, while the other three batches have similar polydispersity and size. This 
enlargement phenomenon might be caused by the presence of the dopant in the reaction mixture affecting 
the nucleation, however the sheer number of parameters and factors influencing a nanoparticle’s size make 
this a complex matter that would require further study to be properly explained. 
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Composition Avg. Size (nm) FWHM (nm) 

Bi2O3 167.2 30.2 

(Bi0.995Pr0.005)2O3 198.6 75.5 

(Bi0.99Pr0.01)2O3 196.0 62.6 

(Bi0.98Pr0.02)2O3 189.8 82.1 
Table 1 Average size and distribution width for all four batches of Bi2O3 NPs. 

 
Figure 17 Size distribution graphs for a) undoped Bi2O3 NPs; b) Bi2O3 NPs doped with 0.5% Pr3+; c) 1% Pr3+; d) 2% Pr3+. 
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Figure 18 Comparison of the size distributions for Bi2O3 particles, at various Pr3+ concentrations. 

 
Figure 19 AFM micrographs of Bi2O3 nanoparticles, showing a mostly cylindrical morphology. 

 

As shown in Figure 19, AFM analysis of the Bi2O3 NPs revealed the presence of small nanoparticle clusters 
with morphology resembling more a rod than a sphere. Furthermore, the particles’ surface showed a certain 
degree of roughness that follows a regular pattern, most likely because smaller particles are present on the 
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surface, as already shown in the SEM images. These smaller nanoparticles assembled to form the larger NPs 
reported in Figure 15-18, were previously confirmed by means of HR-TEM [48], evidencing NPs of about 10 
nm. The z-axis dimension of the particles is shown to be higher than the average size of any batch, however 
this is most likely because of their aggregation and them being on top of each other. 

SEM micrographs for the Bi2O3@SiO2 particles are reported in Figure 20. The average sizes, their size 
distribution widths and the average shell thicknesses are reported in Table 2.  

 

Composition 
Bi2O3@SiO2 SiO2 shell thickness 

Avg. Size 
(nm) 

FWHM (nm) Avg. Size (nm) 

Bi2O3@SiO2 209.4 40.0 21.1 

(Bi0.995Pr0.005)2O3@SiO2 233.8 48.6 67.0 

(Bi0.99Pr0.01)2O3@SiO2 238.7 36.3 70.4 

(Bi0.98Pr0.02)2O3@SiO2 264.0 56.2 37.1 
Table 2 Average size and distribution width for all four batches of Bi2O3@SiO2 NPs. Average shell thickness is also reported. 

 
Figure 20 SEM micrographs of Bi2O3@SiO2 particles: a) undoped; b) doped with 0.5% Pr3+; c) 1% Pr3+; d) 2% Pr3+. 
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From both pieces of data, it’s evident that the doped NPs have similar particle size and shell thickness, with 
the 2% Pr3+ batch being the largest and most polydisperse of the four. The thickest silica shells are found in 
the 0.5% and 1% Pr3+-doped batches (~70 nm), while the bare and 2% Pr3+-doped NPs’ shells are only about 
half as thick. Moreover, as clearly shown in Figure 20, picture d), during the Stöber process, the 2% Pr3+ batch 
formed more isolated silica NPs than other batches. This might explain why the shell thickness of these 
nanoparticles is lower than the other doped batches, barely higher than the undoped batch. These 
observations can also be made in the single distribution histograms for particle size (Figure 21), and in the 
comparison across all batches (Figure 22). From these results, it’s clear that the most monodisperse batch 
is the 1% Pr3+-doped one, while the one with 2% Pr3+ is not only the one with largest average particle size, but 
also the most polydisperse. 

 

 
Figure 21 Size distribution graphs for a) undoped Bi2O3@SiO2 NPs; b) Bi2O3@SiO2 NPs doped with 0.5% Pr3+; c) 1% Pr3+; d) 2% Pr3+. 
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Figure 22 Comparison of the size distributions for Bi2O3@SiO2 particles, at various Pr3+ concentrations. 

 

Particle size distributions and distribution widths of the four batches of thermally treated Bi2SiO5@SiO2 
particles are reported in Table 3, while the acquired SEM micrographs for all four batches are in Figure 23.  

Here, the most evident feature of the bismuth silicate particles can be observed: they each possess a varying 
degree of hollowness inside the core of the nanoparticle. This hollowing phenomenon is due to the different 
diffusion velocities of Bi2O3 and SiO2 at 750° C [52] [53]: the diffusion speed of the first compound is larger 
than the second’s, so the bismuth oxide will move out of the nanoparticle’s core while not being readily 
replaced by silica, resulting in a cavity being left behind. 

 

Composition Avg. Size (nm) FWHM (nm) 

Bi2SiO5@SiO2 240.0 26.5 

(Bi0.995Pr0.005)2SiO5@SiO2 283.7 107.6 

(Bi0.99Pr0.01)2SiO5@SiO2 311.9 82.5 

(Bi0.98Pr0.02)2SiO5@SiO2 251.4 67.7 
Table 3 Average size and distribution width for all four batches of Bi2SiO5@SiO2 NPs. 
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Figure 23 SEM micrographs of Bi2SiO5@SiO2 particles: a) undoped; b) doped with 0.5% Pr3+; c) 1% Pr3+; d) 2% Pr3+. 

 
Figure 24 Size distribution graphs for a) undoped Bi2SiO5@SiO2 NPs; b) Bi2SiO5@SiO2 NPs doped with 0.5% Pr3+; c) 1% Pr3+; d) 2% Pr3+. 
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Figure 25 Comparison of the size distributions for Bi2SiO5@SiO2 particles, at various Pr3+ concentrations. 

The single distributions for each batch are reported in Figure 24, while comparison between the batches is in 
Figure 25. From this data and the data from Table 3, it’s clear that the most monodisperse batch is the 
undoped one, while the other batches’ polydispersity increased after thermal treatment. However, as evident 
in Figure 23, the undoped batch had the highest degree of agglomeration after thermal treatment, perhaps 
because of the thinner shell. 

The average size and size distribution widths for all batches at each stage of the synthesis are reported in 
Table 4. 

 

Dopant amount 
Bi2O3 Bi2O3@SiO2 SiO2 shell Bi2SiO5@SiO2 

Avg. Size 
(nm) 

FWHM 
(nm) 

Avg. Size 
(nm) 

FWHM 
(nm) 

Avg. Size 
(nm) 

Avg. Size 
(nm) 

FWHM 
(nm) 

Undoped 167.2 30.2 209.4 40.0 49.6 240.0 26.5 

0.5% Pr3+ 198.6 75.5 233.8 48.6 58.6 283.7 107.6 

1% Pr3+ 196.0 62.6 238.7 36.3 57.3 311.9 82.5 

2% Pr3+ 189.8 82.1 264.0 56.2 71.1 251.4 67.7 
Table 4 Average size and distribution width for all batches at each synthesis step. Shell thickness for Bi2O3@SiO2 particles is also reported. 
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3.3  Structural Investigation: X-Ray Diffraction Analysis 

X-ray Diffraction (XRD) analysis was performed on all four batches of nanoparticles after thermal treatment 
to determine their phases in comparison to ICSD standards. The obtained diffraction patterns are shown in 
Figure 26. 

 

 
Figure 26 Diffraction patterns for all four synthesized batches of Bi2SiO5 NPs. 

 

The undoped particles were compared to the expected Bi2SiO5 phase ICSD standard (#30995) as well as the 
standards of two other bismuth silicate phases that can be obtained in the experimental conditions of the 
synthesis, as seen in the Bi2O3-SiO2 phase diagram: Bi12SiO20 (#180370) and Bi4Si3O12 (#84519).  
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Figure 27 Comparison of XRD experimental data for undoped Bi2SiO5 with ICSD standards for bismuth silicate phases. 

 

As shown in Figure 27, the synthesized, undoped bismuth silicate particles’ diffraction pattern matches with 
the lines on the Bi2SiO5 ICSD standard and, initially, no other phase seems to be present in this batch.  

The Pr3+-doped batches were compared to the Bi2SiO5:La ICSD standard (#245035), which is the expected 
phase, instead of the Bi2SiO5 standard for doped Bi2SiO5.  
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Figure 28 Comparison of XRD experimental data for 0.5% Pr-doped Bi2SiO5@SiO2 with ICSD standards for bismuth silicate phases. 

 
Figure 29 Comparison of XRD experimental data for 1% Pr-doped Bi2SiO5@SiO2 with ICSD standards for bismuth silicate phases. 
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Figure 30 Comparison of XRD experimental data for 2% Pr-doped Bi2SiO5@SiO2 with ICSD standards for bismuth silicate phases. 

 

 
Figure 31 Zoomed-in view of the 30° < 2ϑ < 40° region of the diffraction patterns for the undoped, 0.5% Pr3+-doped and 1% Pr3+-doped batches. The 

characteristic peak is at 2ϑ = 33.3°. 
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The comparison between phases made in Figure 28, Figure 29 and Figure 30 clearly shows that the 
synthesized nanoparticles’ phase is lanthanide-doped Bi2SiO5.  

Figure 26 also shows that the major difference between the diffraction patterns of undoped and doped NPs 
is found in the 2θ = 33° and 2θ = 57.5° peaks. Keeping this in mind, and comparing them across the undoped, 
0.5% and 1% Pr3+-doped batches, reveals that the 0.5% Pr3+-doped batch might be a mixture of the doped 
and undoped Bi2SiO5 phases, as its peaks have pronounced shoulders where the undoped phase’s peaks 
would be. These disappear completely in the patterns of batches with a larger dopant amount, giving more 
credit to this theory. A zoomed in view of the 30-40° zone of three patterns can be seen in Figure 31. 
Comparing this to the results Taniguchi et al. [41] obtained evidences that the undoped Bi2SiO5@SiO2 sample 
doesn’t match the profile of undoped Bi2SiO5 obtained from these researchers, and instead corresponds to 
the spectrum they obtained from (Bi0.99La0.01)2SiO5, where the central peak indicating SiO4 tetrahedron 
disordering due to lanthanide ion doping is present. This suggests that sample contamination from a 
lanthanide ion might have occurred in the synthesis of the bare batch. 

The Scherrer equation was also used to calculate the crystallite size, or D: 

𝐷 =  
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 

Where k is the Scherrer constant, usually 0.9, λ is the wavelength of the X-rays, β is the peak width at half 
height, and θ is the diffraction angle.  

For this calculation, the most intense peak at 2𝜃 = 29.3° was used. The obtained crystallite size values are 
reported in Table 5. 

 

Composition D (nm) 

Bi2O3 34.76 

(Bi0.995Pr0.005)2O3 28.96 

(Bi0.99Pr0.01)2O3 29.46 

(Bi0.98Pr0.02)2O3 33.26 
Table 5 Average crystallite size for all batches as calculated from the Scherrer equation. 

These values are mostly consistent with each other and suggest that the particles are made up of multiple 
crystalline domains, each acting as a separate emitter. If this is the case, the luminescence of this type of 
nanoparticle is most likely independent of its size. 
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3.4  UV/Vis Reflectance Studies 

Reflectance measurements were performed on all four batches, as reported in Figure 32. All batches 
presented strong absorption below 400 nm; however, the Pr3+-doped batches also showed characteristic 
lanthanide absorption lines [54][55] in the 425-625 nm range, confirming the presence of dopants in these 
batches.  

 
Figure 32 Overlayed reflectance plots for all batches. 

In order to estimate the bandgap energy, the Kubelka-Munk theory was first applied to the reflectance 
measurements: 

𝐹(𝑅∞) =  
(1 − 𝑅∞)2

2𝑅∞

  

Then, the Tauc method was employed: 

(𝐹(𝑅∞) ∙ ℎ𝜈)1/𝛾 = 𝐵(ℎ𝜈 − 𝐸𝑔) 

Subsequently, the intercept of the linear part of the plot with the abscissa was calculated as the direct (γ = 
½) and indirect (γ = 2) optical band gap of each batch, as shown in Figure 33, Figure 34, Figure 35, and 
Figure 36. The results are reported in Table 6. 
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Figure 33 Tauc plot and a) direct and b) indirect optical bandgap for the undoped Bi2SiO5@SiO2. 

 
Figure 34 Tauc plot and a) direct and b) indirect optical bandgap for the 0.5% Pr3+-doped Bi2SiO5@SiO2. 

 
Figure 35 Tauc plot and a) direct and b) indirect optical bandgap for the 1% Pr3+-doped Bi2SiO5@SiO2. 



 

41 

 

 

 
Figure 36 Tauc plot and a) direct and b) indirect optical bandgap for the 2% Pr3+-doped Bi2SiO5@SiO2. 

 

Pr3+ amount Direct Eg (eV) Indirect Eg (eV) 

Undoped 3.790 3.644 

0.5% 3.745 3.649 

1% 3.709 3.625 

2% 3.731 3.639 
Table 6 Direct and indirect optical band gap results for all four batches. 

 
Figure 37 Direct (blue) and indirect (magenta) bandgap energy values as a function of Pr3+ dopant amount.  
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The obtained values for both direct and indirect bandgap energies were later plotted as a function of Pr3+ 
amount to identify any dopant influence on the energy values. The results (Figure 37) show that the indirect 
bandgap energy stays the same between undoped and 0.5% Pr3+-doped batches, while the direct bandgap 
energy decreases. Additionally, in both the direct and indirect case the bandgap energy decreases further for 
1% and 2% Pr3+-doped batches. The obtained values are in agreement with previous literature on both doped 
and undoped compounds [56] [57] [58]. 
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3.5  Photoluminescence Studies 

All photoluminescence measurements were made with the same integration time and slit widths. 

The first photoluminescence measurement was aimed at finding the optimal excitation wavelength to record 
subsequent emission spectra. The PL excitation (PLE) spectra were recorded from 260 to 560 nm while using 
a 590 nm filter and monitoring at λem = 608 nm and the excitation spectrum was. 608 nm is the wavelength 
corresponding to the energy of the 3P0→3H6 and 2D1→3H4 transitions [59].  

From the PLE spectra, the most efficient excitation transition was found to be around 319 nm, with the next 
most efficient being at 453 nm. Consequently, two sets of emission (PL) spectra were recorded for each 
doped batch: 

 one with λexc = 319 nm, recording from 410 to 850 nm with a 390 nm filter. 
 one with λexc = 453 nm, recording from 530 to 850 nm with a 500 nm filter. 

The first set of PL spectra, along with the PLE spectra, are reported in Figure 38. 

 
Figure 38 PL (λexc = 319 nm, dashed lines, red transitions) spectra overlayed with the PLE spectra (λem = 608 nm, solid lines, wine transitions) for all doped 

batches. 

Here, the PLE spectra shows a 0.5%>2%>1% trend in photoluminescent transition intensities for the 
3H4→3P2 (450 nm), 3H4→3P1 (475 nm) and 3H4→3P0 (490 nm) transitions, while the 319 nm transition, which 
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is the most intense, presents a 0.5%>1%>2% trend, dimming with larger dopant amounts. This transition was 
further investigated, as it lies near the absorption band of the Bi2SiO5 matrix; indeed, a plot overlay of the 
emission and reflectance spectra for the 2% Pr3+-doped batch (Figure 39) shows that the 319 nm transition 
corresponds to the reflectance drop in the UV/Vis spectrum, and, as such, was recognized to be the host 
exciton. Consequently, when the samples are excited at λexc = 319 nm, electronic transitions relative to the 
Bi2SiO5 matrix are stimulated.  

 
Figure 39 Overlay of the PLE spectrum (dashed line) with the UV/Vis reflectance plot (solid line) for the 2% Pr3+-doped sample. 

The emission spectra had the same intensities across all dopant amounts for most transitions, the most 
notable exception being the 580-630 nm set of peaks, that follows a 0.5%>1%>2% trend in transition 
intensity. This set of PL peaks is the sum of two transitions, namely the 1D2→3H4 transition, sitting around 
600 nm, and the 3P0→3H6 transition, sitting at around 610 nm [59] [7].   

Later, the area below each emission spectrum was calculated by integration and plotted against Pr3+ amount 
to investigate the relative luminescence efficiency of each batch at this excitation wavelength.  
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Figure 40 Total PL (λexc = 319 nm) spectrum area plotted against the three different Pr3+ dopant amounts. 

The results are reported in Figure 40, and they show a decreasing trend in luminescence efficiency with 
respect to Pr3+ amount, perhaps hinting at concentration quenching becoming more important with larger 
dopant amounts. 

Next, the spectral shape of the emission spectra was investigated by normalizing the photoluminescence data 
and overlaying all doped batches (Figure 41). This comparison shows that the spectral shape is mostly the 
same across all batches, meaning that dopant amount isn’t influencing the relative transition probabilities 
when exciting at this wavelength. 
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Figure 41 Normalized PL spectra (λexc = 319 nm) for all three doped batches of Bi2SiO5@SiO2. 

 
Figure 42 PL (λexc = 453 nm, dashed lines, red transitions) spectra overlayed with the PLE spectra (λem = 608 nm, solid lines, wine transitions) for all doped 

batches. 
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Next, the second set of photoluminescent measurements was evaluated. The overlayed emission (λexc = 453 
nm) and excitation spectra are shown in Figure 42. 

Most of the emission peaks show a 1%>2%>0.5% trend in transition probability with not much difference in 
spectral shape, however the peak cluster containing the 1D2→3H4 and 3P0→3H6 transitions is visibly different 
across all samples. 

Later, the area below each emission spectrum was calculated by integration and plotted against Pr3+ amount 
to investigate the relative luminescence efficiency of each batch when excited at this wavelength.  

 
Figure 43 Total PL (λexc = 453 nm) spectrum area plotted against the three respective Pr3+ dopant amounts. 

As shown in Figure 43, the 0.5% and 1% Pr3+-doped batches’ efficiency is almost equivalent, and greater than 
the 1% Pr3+-doped batch.  

The two total area datasets for the emission spectra were then plotted together to compare the luminescence 
efficiency when exciting at λexc = 319 nm as opposed to λexc = 453 nm. The results (Figure 44) show that 
excitation at λexc = 319 nm was more efficient than that at λexc = 453 nm for every investigated amount of Pr3+ 
doping, as expected by considering the PLE spectra. 
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This suggests that luminescence is most efficiently obtained when exciting the Bi2SiO5@SiO2 matrix directly, 
rather than one of the f-f transitions of Pr3+.  

Meanwhile, the ratio between the areas of the PL spectra exciting at λexc = 319 nm and λexc = 453 nm was 
calculated for each Pr3+ amount to study the behavior of increase in efficiency when exciting through the 
matrix over a direct Pr3+ excitation with respect to dopant amount. The results (Table 7) show that the 
luminescence efficiency of the 0.5% and 1% Pr3+-doped batches 
increased by 70% when exciting the Bi2SiO5@SiO2 matrix instead 
of the dopant, while the 2% Pr3+-doped NPs evidenced only a 
20% increase in efficiency. These findings might suggest, as 
previously proposed, that this amount is high enough to 
experience important concentration quenching effects.  

Next, the spectral differences between batches were 
investigated by normalizing the emission spectra, as shown in 
Figure 46. The data indicates a pronounced difference in the 
spectral shape of the peak cluster containing the 1D2→3H4 and 
3P0→3H6 transitions, with its integrated area being the lowest for 
the 1% Pr3+-doped NPs and the highest for the 0.5% Pr3+-doped 
batch. This, compared to the previous emission spectra excited 
through the host (λexc = 319 nm), indicates that directly exciting 

Dopant amount 
𝑨𝒕𝒐𝒕

𝝀𝒆𝒙𝒄=𝟑𝟏𝟗 𝒏𝒎

𝑨𝒕𝒐𝒕
𝝀𝒆𝒙𝒄=𝟒𝟓𝟑 𝒏𝒎

 

0.5% Pr3+ 1.70 

1% Pr3+ 1.73 

2% Pr3+ 1.19 

Table 7 Ratio between the total areas of the λexc =319 nm and λexc =453 nm 
PL spectra for each dopant amount. 

Figure 44 Comparison between the two total area datasets: λexc = 319 nm (red) 
and λexc = 453 nm (blue). 

Figure 45 Pr3+ energy levels. From left to right, the dopant 
excitation transition (blue), the 3P0→3H6 and 1D2→3H4 emitting 
transitions (orange), and the matrix excitation transition (black, not 
in scale). 
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the dopant changes the relative probability for the 1D2→3H4 and 3P0→3H6 transitions, as opposed to exciting 
the matrix, which produces no such change.  

 
Figure 46 Normalized emission spectra (λexc = 453 nm) for all three doped batches of Bi2SiO5@SiO2. 

The difference in spectral shape between the two emission spectras is a consequence of the different amount 
of energy that is transferred to the sample in the excitation step. The energy level diagram of Pr3+ (Figure 45) 
shows that the energy of a λ = 453 nm radiation is just enough to excite the luminescent center electrons to 
the 3P1 level, while the λ = 319 nm radiation is able to excite the electrons far beyond the 3P2 energy level. 

It’s well known that electrons in the 
3P2 energy level have a non-radiative 
relaxation pathway into the 1D2 level 
[59], feeding the 1D2→3H4 transition, 
which most likely is the reason why 
there are no spectral differences in 
the 580-630 nm set of peaks when 
λexc = 319 nm. On the other hand, this 
is not available to electrons excited to 
the 3P1 energy level, which wil 
preferentially decay radiatively from 
3P0 to 3H6. 

A possible explanation for the 
different behaviour could be related to the effect of the cross relaxation processes involved in the higher 

Figure 47 Cross-relaxation pathways in Pr3+-doped materials. 
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doping samples, affecting the transition probabilities from the 3P0 and 1D2 excited states (see the cross 
relaxation pathways for Pr3+ doped materials reported in Figure 47 and in [60]). 
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3.6  Luminescence Lifetimes 

The PL decay curves were collected for all three doped samples and were fitted by bi-exponential curves:  

𝑓(t) = 𝐴1𝑒
𝑡

τ1 + 𝐴2𝑒
𝑡

τ2 

 

A possible explanation could be the presence of two different families of Pr3+ ions inside the matrix’ lattice, 
each with a different neighboring structure, that result in two different luminescence lifetimes. On the other 
hand, the presence of a different quenching channel could also explain a bi-exponential behavior. 

The luminescence decay plots are reported in Figure 48. 

 
Figure 48 Normalized luminescence decay comparison between all doped batches, with their respective bi-exponential fit. 

The average lifetimes were calculated with the obtained fitting parameters A and τ as such: 

τ𝑎𝑣𝑔 =  
𝐴1τ1 + 𝐴2τ2

𝐴1 + 𝐴2

 

The results, along with the obtained lifetimes, are reported in Table 8. 
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Pr3+ amount A1 A2 τ 1 (µs) τ2 (µs) τavg (µs) 

0.5% 0.513 0.342 212.7 58.3 151.0 

1% 0.184 0.231 175.5 32.2 95.9 

2% 0.319 0.334 176.4 37.3 75.4 

Table 8 Luminescence lifetimes and average lifetimes as obtained from luminescence decay measurements. 

This data suggests that the neighboring structure for each of the two dopant positions in the lattice is mostly 
the same between the 1% and 2% Pr3+-doped batches, while the 0.5% Pr3+-doped one has a drastically 
different structure and longer lifetimes. This is consistent with the XRD analysis’ results, suggesting different 
phases between 1% and 2%-Pr3+-doped batches, and the undoped and 0.5% Pr3+-doped ones. 
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3.7  Temperature dependence of PL 

In order to evaluate the potential of the 2% Pr3+-doped sample as a luminescent thermometer, the PL spectra 
as a function of temperature were collected in the temperature range of 80-500 K. The temperature 
dependent PL spectra, collected exciting at 453 nm, are shown in Figure 49. 

The total area under all spectra was calculated by integration, and the obtained values were plotted as a 
function of temperature (Figure 49). The PL quenching curve can be fitted by a single thermal quenching 
barrier model [61]: 

𝐼(𝑇) =  
𝐼(0)

1 +
Г0

Г𝜈
exp (

−∆𝐸

𝑘𝐵𝑇
)

 

where Г𝜈  is the radiative decay rate, Г0 the attempt rate for thermal quenching, kB is Boltzmann’s constant 
and ∆E is the thermal quenching energy barrier. 

 The result of the fit is shown in Figure 50. 

 
Figure 49 PL spectra for the 2% Pr3+-doped sample recorded from 80 to 500 K. 
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In [61], P. Dorenbos presented a strategy to correlate the energy difference between the relevant emitting 
state in the bandgap and the bottom of the conduction band of the host (∆E) with the T50 through: 

𝑇50 =  
11600

ln (𝜏𝜈Г0)
∆𝐸 

Here, 𝜏𝜈 is the luminescence decay time and T50 is the temperature at which the luminescence intensity is 
halfway quenched. This parameter was calculated from data in Figure 50, and the result was that T50 = 372 
K. The value used for Г0 is the typical 2  1013 Hz, as in [61], and, for 𝜏𝜈, the value of 50 µs, typical for the 
Pr3+ 3P0→3H4,5,6 transitions. The resulting ∆E was 0.7 (+/- 0.15) eV. This is consistent with the results of 
Dorenbos, as shown in Figure 51. 

As seen in [7], the 4f2 (1S0) level is at least 3 eV more energetic than the 3P0 state. This implies that 
E(1S0)>E(CB), so, looking back at Figure 2, it is clear the in Bi2SiO5 both the 1S0 and the 4f15d1 states are into 
the conduction band.  

The next step was identifying two thermally coupled transitions, where the intensity ratio is following a 
Boltzmann behavior with respect to temperature to be used as reference to calibrate the luminescence 
thermometer. Indeed, Figure 49 shows the 1D2 and 3P0 transitions set of peaks to change relative intensity, 
with the 1D2 transition increasing in intensity by a larger amount when the temperature rises than the 3P0 
transition.  

Consequently, for each temperature value, the PL spectra of the red emission between 570 and 640 nm were 
normalized to the 615 nm peak to emphasize the relative increase of the emission due to the higher lying 1D2 
state with respect to the 3P0 (Figure 52). The PL spectra were integrated from 570 to 600 nm to obtain the 
1D2 transition intensity, and between 600 and 640 nm for the 3P0. The resulting areas were then used to define 
a thermometric parameter, the Luminescence Intensity Ratio (LIR), as: 

𝐿𝐼𝑅 =  
𝐼1D2

𝐼3𝑃0
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Figure 50 Total area of the obtained PL spectra (λexc = 453 nm) with respect to temperature of acquisition. 

 

 
Figure 51 T50 data for the emission from the 3P0 level of Pr3+ in compounds against the energy difference ΔE between 3P0 and the conduction band bottom, 

from [61] The red, upwards triangle represents the as-obtained 2% Pr3+-doped Bi2SiO5@SiO2. 
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Figure 52 Normalized PL spectra from 570 to 640 nm, where the thermally coupled transitions are found. 

 

Figure 53 shows LIR’s behavior as a function of temperature, the calibration curve. 

If two thermally coupled excited states are used, the LIR should follow the exponential Boltzmann 
distribution: 

𝐿𝐼𝑅 ∝ exp (−
∆𝐸

𝑘𝐵𝑇
) 

So, the natural logarithm of LIR was taken and plotted against 1/T (Figure 54). The results show that the 
synthesized 2% Pr3+-doped Bi2SiO5@SiO2 does not act as a Boltzmann thermometer. However, the behavior 
of LIR with temperature can be described by a parabolic law (fit reported in Figure 53). 
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Figure 53 Temperature dependence of LIR, following a parabolic law. 

 

 

 
Figure 54 ln(LIR) as a function of 1/T. The results don't fit the Boltzmann distribution.  
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The thermometer’s sensitivity was also investigated by calculating both the absolute and relative sensitivity 
(Sabs and Srel) as such [62]: 

𝑆𝑎𝑏𝑠 =  
𝜕(𝐿𝐼𝑅)

𝜕𝑇
;   𝑆𝑟𝑒𝑙 =  

𝜕(𝐿𝐼𝑅)

𝜕𝑇

𝐿𝐼𝑅
 ∙ 100 

 
Figure 55 Absolute sensitivity of the 2% Pr3+-doped sample plotted as a function of temperature. 

 
Figure 56 Relative sensitivity of the 2% Pr3+-doped sample plotted as a function of temperature. 

The behavior of both sensitivities with respect to temperature is reported in Figure 55 and Figure 56. 
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The data shows that the maximum values for absolute and relative sensitivity are respectively 4.54  10-5 K-1 
at the highest measured 500 K, and 0.83 %K-1 in the 100-150 K range. In the physiological temperature range 
(290-320 K), the relative sensitivity is about 0.40 %K-1. 
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3.8  Radioluminescence Studies 

Preliminary radioluminescence measurements were carried out with an 8 nm resolution, then with a grating 
allowing a higher resolution of 1.2 nm. 

The results, reported in Figure 57 and Figure 58, show that the 1D2→3H4 and 3P0→3H6 transitions are resolved 
as a single peak when the 8 nm resolution grating is employed, while they’re clearly resolved as a cluster of 
peaks with the higher resolution grating. It’s interesting to note how the intensity trend follows the one 
obtained by exciting directly to the 3P0 state but the shape of the PL spectra is the one obtained by exciting 
through the host. In addition, near-infrared (NIR) emissions generated by the transitions from the 1D2 state 
are collected at about 980 nm for all samples. It is also worth noting that the undoped Bi2SiO5 host is also 
characterized by a RL emission broadband centered at about 680 nm. 

 

 
Figure 57 Radioluminescence emission spectrum for all three doped batches, recorded with 8 nm grating. 
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Figure 58 Radioluminescence emission spectrum for all three doped batches, recorded with high resolution 1.2 nm grating. 
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3.9  Temperature dependence of RL 

In order to evaluate the potential of the 0.5% and 2% Pr3+-doped sample as a radioluminescent thermometer, 
the RL spectra as a function of temperature were collected in the temperature range of 10-320 K, first using 
a 100 lines/mm grating, then a high resolution 600 lines/mm grating. The resulting spectra are reported in 

Figure 59 and Figure 60. 

 

 
Figure 59 RL as a function of temperature for the 0.5% Pr3+-doped Bi2SiO5@SiO2 NPs, recorded with 100 lines/mm grating (left) and with a 600 lines/mm 

grating (right). 

 

 
Figure 60 RL as a function of temperature for the 2% Pr3+-doped Bi2SiO5@SiO2 NPs, recorded with 100 lines/mm grating (left) and with a 600 lines/mm 

grating (right). 
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The main feature of the lower resolution spectra is the emergence of a broad band from 500 to 900 nm when 
temperature decreases. This band is recognizable by comparing the temperature dependent spectra to the 
previously acquired RL spectra (Figure 57): its center (680 nm) matches that of the broad band found in the 
undoped Bi2SiO5@SiO2 and is therefore attributed to emission of the host. A sharp peak indicating the 
convoluted 1D2→3H4 and 3P0→3H6 transitions also appears at 600 nm, consistent with previous PL and RL 
measurements.  Interestingly, comparison between the two batches with different dopant amount showed 
that the intensity of the 3P0→3H4 transition, present at 490 nm, was temperature-dependent only for the 
0.5% Pr3+-doped batch, showing a rising trend when the temperature decreases. 

The higher resolution spectra show the 1D2→3H4 and 3P0→3H6 transitions as separate peaks, the intensity of 
which increases as temperature decreases, as expected.  

The presence of the host emission band makes the evaluation of the samples as radioluminescent 
thermometers more complex, as it could be difficult to separate the host emission from that of Pr3+. To 
circumvent this, the host band was itself integrated in the 650-700 nm range, then its area was compared to 
that of the 3P0→3H4 490 nm peak, which, for the 2% Pr3+-doped sample, is associated to a transition that 
does not vary its intensity much with temperature. Then, the two areas were used to calculate the LIR at each 
temperature. Even though these two transitions are not thermally coupled, a Boltzmann-like behavior can be 

appreciated from 220 to 320 K (Figure 61). However, the whole trend can be described by an exponential 
growth model (Figure 62). 

 
Figure 61 ln(LIR) with respect to 1/T. The blue square indicates the range in which Boltzmann-like behavior was observed; in inset, this zone is zoomed in. 
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Figure 62 Behavior of LIR with respect to T, fitted with an exponential growth model. 

 

The absolute and relative sensitivities (Figure 63 and Figure 64) were calculated using the previous 
definitions and their respective maximum values were Sabs = 0.04 K-1 at 290 K, and Srel = 0.016 %K-1 at 230 
K. 

 
Figure 63 Absolute radioluminescent sensitivity of the 2% Pr3+-doped sample plotted as a function of temperature. 
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Figure 64 Relative radioluminescent sensitivity of the 2% Pr3+-doped sample plotted as a function of temperature. 
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Chapter 4   

Conclusions and future perspectives 
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This thesis work demonstrated the facile synthesis of Pr3+-doped Bi2SiO5@SiO2 nanoparticles by employing 
the hydrothermal method to synthesize doped Bi2O3 nanospheres, a modified Stöber method to coat their 
surface in a silica shell, and thermal treatment to consolidate the metastable Bi2SiO5 phase and obtain hollow 
core-shell nanoparticles with various dopant amounts. The presence of the desired phase was confirmed by 
XRPD analysis. SEM micrographs were successful in capturing the particles at various stages of the synthesis 
process, showing bare Bi2O3 particles of about 180 nm in diameter, shelled Bi2O3@SiO2 particles of about 230 
nm in diameter with an average shell thickness of 50 nm, and thermally treated particles that measured about 
270 nm in diameter. From the SEM micrographs, it was evident that the particles were hollow, confirming the 
behavior already observed by Casagrande [4]. AFM images of the bare Bi2O3 NPs showed a rod-like 
morphology and the presence of surface roughness. UV-vis reflectance measurements revealed a strong 
absorption from bismuth silicate below 400 nm and characteristic absorption of Pr3+ in the 425-625 nm 
range, confirming the presence of the dopant in the Bi2SiO5 matrix, and Tauc plots were employed to calculate 
the direct (3.75 eV) and indirect (3.65 eV) bandgap energies. PLE and PL measurements showed the 
possibility to excite Pr3+ directly or through the host material exciton. PL spectra recorded by exciting the 
sample at 453 nm showed the thermally coupled 3P0→3H6 and 2D1→3H4 f-f transitions change in intensity, 
while they had the same spectral shape for excitation through the host. Moreover, the total spectra intensities 
were higher for the 319 nm excitation, suggesting that exciting into the matrix is more efficient than exciting 
directly Pr3+ ions. Temperature-dependent photoluminescence studies performed to evaluate the efficiency 
of this system for optical thermometry revealed that, when the 3P0→3H6 and 2D1→3H4 transition intensities 
were used to calculate LIR, non-Boltzmann behavior is evident. The relationship between LIR and T was 
approximated with a parabolic law. The highest calculated absolute and relative sensitivities were 
respectively 4.54  10-5 K-1 at the highest measured 500 K, and 0.83 %K-1 in the 100-150 K range. In 
collaboration with the Università degli Studi di Milano-Bicocca, RL measurements were employed to evaluate 
Pr3+-doped Bi2SiO5@SiO2 as a radioluminescent thermometer. Room temperature RL analysis showed an 
unprecedented broad band centered at about 680 nm for the undoped sample, which was attributed to the 
host, given its indirect bandgap. Temperature-dependent RL analysis was utilized to calculate LIR for the 
3P0→3H4 transition and the broad band transition of the host, and the results showed a Boltzmann-like 
behavior for the 220-320 K range, while the general trend followed an exponential growth model. The highest 
calculated absolute and relative sensitivities were respectively 0.04 K-1 at 290 K, and 0.016 %K-1 at 230 K. 

Pr3+-doped Bi2SiO5@SiO2 nanoparticles were thus found to have suitable properties for optical thermometry. 
Moreover, never-before-seen radioluminescent thermometer behavior was demonstrated, making this 
material an attractive candidate for in-situ temperature measurement in synchrotron facilities. On the other 
hand, further work should be done to improve and optimize the PL and RL intensities and the thermometric 
performance.  
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