
 

 
 

UNIVERSITÀ DEGLI STUDI DI TRIESTE 

e 

UNIVERSITÀ CA’ FOSCARI DI VENEZIA 
 

 

XXXII CICLO DEL DOTTORATO DI RICERCA IN 

    

CHIMICA 
 

 

Design of Bismuth-based luminescent 

materials for multi-modal imaging and 

optical thermometry 
 

Settore scientifico-disciplinare: CHIM/02 

 

 

 

DOTTORANDA 

ELISA CASAGRANDE 

 

COORDINATORE 

PROF. BARBARA MILANI 
 

SUPERVISORE DI TESI 

PROF. PIETRO RIELLO 
 

CO-SUPERVISORE DI TESI 

Dr. MICHELE BACK 
 

 

 

ANNO ACCADEMICO 2018/2019 



i 
 

Index 

1. General Introduction……………………………………………………... 

1.1 Nanoparticles……………………………………………………… 

1.2 Luminescent Nanomaterials……………………………………...... 

1.3 Summary of the thesis……………………………………………... 
 

2. Luminescence: basis and processes…………………………………….... 

2.1 Photoluminescence………………………………………………...  

2.1.1 Light absorption……………………………………………… 

2.1.2 Light emission……………………………………………….. 

2.1.3 Quenching of emission………………………………………. 

2.2 Lanthanides………………………………………………………... 

2.3 Energy Transfer (ET) ……………………………………………… 

2.4 Downconversion (DC) …………………………………………...... 

2.5 Upconversion (UC) ……………………………………………….. 

2.5.1 Exited state absorption (ESA) ……………………………….. 

2.5.2 Energy transfer upconversion (ETU) ………………………... 

2.5.3 Cooperative luminescence upconversion (CLU) ………….... 

2.5.4 Cooperative sensitization upconversion (CSU) …………….. 

2.5.5 Photon avalanche (PA) ……………………………………… 

2.6 Typical systems activated by donor-acceptor ion pairs…...……….. 

2.6.1 Yb Er pair…………………………………………………….. 

2.6.2 Yb Tm pair……………………………………………………. 

2.6.3 Yb Ho pair…………………………………………………..... 

2.7   Nd3+ luminescence………………………………………………….. 
 

3. Temperature sensing……………………………………………………... 

3.1    Thermometry at the nanoscale……………………………………… 

3.2    Contact-less optical thermometry…………………………………... 

3.2.1 Fluorescence intensity ratio (FIR): method and thermometric 

performance………………………………………………………... 

3.2.2 Nano-sized phosphors for optical thermometry……………… 
 

4. Bismuth-based optical materials………………………………………..... 

4.1 Bismuth silicates as new host for upconversion (UC)…………….. 

4.2 Bi2O3 polymorphs………………………………………………..... 

 

 

 

 

 

 

1 

1 

2 

5 
 

12 

12 

12 

14 

16 

17 

20 

23 

24 

25 

25 

26 

26 

26 

27 

28 

29 

30 

31 
 

35 

35 

38 

 

39 

42 
 

59 

61 

62 

 

 

 

 

 

 

 



ii 
 

5. Synthesis and characterization of Lanthanide-doped Bismuth silicate 

(nano)systems as innovative platforms for multi-modal imaging………... 

5.1   Bi2SiO5:Ln3+@SiO2 core-shell UCNPs……………………………... 

5.1.1    Sample preparation………………………………………… 

5.1.2    Morphological and structural analysis……………………... 

5.1.3    Optical characterization…………………………………..... 

5.2    Bi2SiO5:Nd3+@SiO2 core-shell luminescent NPs…………………… 

5.2.1    Sample preparation…………………………………………. 

5.2.2    Morphological and structural analysis……………………… 

5.2.3    Optical characterization…………………………………...... 

5.3    Bi4Si3O12:Nd3+@SiO2 core-shell luminescent NPs………………..... 

5.3.1    Sample preparation…………………………………………. 

5.3.2    Morphological and structural analysis…………………….... 

5.4    Nd3+-doped Bi12SiO20……………………………………………..... 

5.4.1    Sample preparation……………………………………….... 

5.4.2    Morphological and structural analysis……………………… 

5.4.3    Optical characterization…………………………………..... 

5.5    Conclusions……………………………………………………….... 
 

6.   Bi2SiO5@SiO2 NPs: assessment of bio-compatibility, reactivity and 

chemical stability………………………………………………………… 

6.1    Cell viability assay…………………………………………………. 

6.2    Antimicrobial properties……………………………………………. 

6.3    Photocatalytic activity……………………………………………… 

6.4    Chemical stability: overcoming the acid solubility of Bismuth-based 

compounds………………………………………………………… 

6.5    Conclusions………………………………………………………… 
 

7. Upconverting Bi2SiO5@SiO2 NPs for ratiometric contact-less optical 

nanothermometry………………………………………………………… 

7.1    Bi2SiO5:Yb3+/Er3+@SiO2 core-shell NPs…………………………… 

7.2    Bi2SiO5:Yb3+/Tm3+@SiO2 core-shell NPs………………………….. 

7.2.1 3F2,3/
3H4 fluorescence intensity ratio…………………………. 

7.2.2 3F2,3/
1G4 fluorescence intensity ratio…………………………. 

7.3 Conclusions………………………………………………………… 
 

8.      Nd3+-doped bismuth silicate systems as ratiometric NIR-emitting optical 

thermometers……………………………………………………………..   

8.1    Nd3+ NIR-emitting optical thermometers…………………………… 

8.2    Bi2SiO5:Nd3+@SiO2 core-shell NPs………………………………... 

8.3    Bi4Si3O12:Nd3+@SiO2 core-shell NPs………………………………. 

8.4    Nd3+-doped Bi12SiO20………………………………………………. 

8.5    Conclusions………………………………………………………... 
 

9. Conclusions and future perspectives……………………………………... 

 

78 

79 

80 

82 

97 

102 

102 

103 

105 

107 

108 

108 

109 

110 

110 

111 

113 
 

 

123 

124 

126 

127 

 

129 

131 
 

 

136 

137 

141 

141 

144 

147 
 

 

151 

152 

153 

155 

157 

159 
 

162 



iii 
 

List of Abbreviations 

 

2D  two-dimensional 

3D three-dimensional 

ATP Adenosine triphosphate 

BET Brunauer-Emmett-Teller theory 

BSE backscattered electrons 

BSO Bismuth silicon oxide (or bismuth silicate) 

CCD  charge-couple device 

CD carbon dot 

CFU colony forming unit 

CIE Commission internationale de l'éclairage diagram 

CLU  cooperative luminescence upconversion 

CR  cross-relaxation 

CSU  cooperative sensitization upconversion 

CT computed X-ray tomography 

DC  downconversion 

DS downshifting 

DSC differential scanning calorimetry 

EBT  energy back-transfer 

EDS energy-dispersive X-ray spectroscopy 

EG Ethylene glycol 

ESA  excited state absorption 

ET energy transfer 

ETU  energy transfer upconversion 

FE-SEM field emission scanning electron microscopy 

FIR fluorescence intensity ratio 

FRET  Förster resonance energy transfer 

FT-IR Fourier Transform Infrared Spectroscopy 

FWHM full width at half maximum 

GSA  ground state absorption 

IC50 half maximal inhibitory concentration 

IR  infrared 

IUPAC International Union of Pure and Applied Chemistry 

LDH  layered double hydroxide 

LED light emitting diode 

LPE lone pair electron 

MO Methyl-Orange 

MW molecular weight 

NA nutrient agar 

NB nutrient broth 

  



iv 
 

NCs nanocrystals 

NIR near infrared 

NPs nanoparticles 

PA  photon avalanche 

PAT photoacoustic tomography 

PL photoluminescence 

PMT photomultiplier 

PVP polyvinylpyrrolidone 

QC  quantum cutting 

QDs quantum dots 

RE rare earths 

RGB red-green-blue 

RLU relative luminescence unit 

SGH second harmonic generation 

SPECT single-photon emission computed tomography 

SVR surface to volume ratio 

TEM transmission electron microscopy 

TEOS Tetraethyl orthosilicate 

TGA thermogravimetric analysis 

TPA  two-photon absorption 

UC  upconversion 

UCNCs upconverting nanocrystals 

UCNPs  upconverting nanoparticles 

UCPL upconversion photoluminescence 

UV ultraviolet 

VB valence band 

VIS visible 

XRPD X-ray powder diffraction 

 

 

 

 

 

 

 



v 
 

List of Tables 

Chapter 2 

Table 1: time scales for various basic radiative (R) and non-radiative (NR) processes. 

  

Chapter 3 

Table 1: Summary of common high-resolution thermal techniques, including typical 

spatial (δx), temperature (δT) and time (δt) resolutions, and advantages and 

disadvantages of each method. Non-contact thermometric methods are underlined. 

Table 2: List of Ln3+ ions, with respective thermally coupled levels, emission color, 

energy difference (ΔE) and theoretical Relative Sensitivity (Sr) at 300 K, typically used 

for temperature read-out via FIR technique, published by Dramićanin. 

Table 3: List of Ln3+-based luminescent thermometers including maximum relative 

sensitivity values (Sm, % K-1), the temperature range tested (ΔT, K), the temperature 

at which the relative sensitivity is maximum (ΔTm, K), and the thermometric property 

under investigation 

 

Chapter 5 

Table 1. Prepared samples of Ln3+-doped Bi2O3 NPs 

Table 2. Theoretical and experimental values of the SiO2 shell thickness with regard 

to the corresponding TEOS (μL):Bi2O3 (mg) ratio. 

Table 3. CIE coordinates for all the Ln3+-doped Bi2SiO5@SiO2 NPs produced. 

Table 4. Mean size of Bi2O3, Bi2O3@SiO2 and Bi2SiO5@SiO2 NPs by increasing the 

atomic percentage of Nd3+ dopant ions substituted in the crystal lattice. 

 

Chapter 7 

Table.1 Comparison of relative sensitivities Sr at given temperature, operating 

temperature ranges and FIR method of different nano- or sub-micron sized Yb-Er 

thermometric systems. 

Table.2 Comparison of relative sensitivities Sr at given temperature, operating 

temperature ranges and FIR method of different nano- or sub-micron sized Yb-Tm 

thermometric systems. 

 

Chapter 8 

Table 1. Comparison between the thermometric performance of the different Nd3+-

doped bismuth silicate systems studied. 

 



vi 
 

List of Figures 

Chapter 1 

Fig. 1 Size comparison of biological samples and nanoscale materials  

Fig. 2 Different types of luminescent materials. 

Fig.3 Typical Ln3+-based upconversion emission bands covering a broad range of 

wavelengths from ultraviolet (~290 nm) to NIR (~880 nm) and their corresponding 

main optical transitions. 

Fig.4 Multifunctional upconverting nanoparticles for emerging applications: (a) 

Confocal imaging of NaYF4:Yb,Er nanoparticles at the single-particle level, (b) 

Rewritable optical storage enabled by light responsive nanoparticles, (c) Lasing and 

waveguide amplifier using the nanoparticles as gain media, (d) Latent fingerprinting 

through the use of NaYF4:Yb,Er nanoparticles, (e) Red–green–blue (RGB) printing 

involving nanoparticle inks, (f) document security printing, through lifetime encoded 

NaYF4:Yb,Tm nanoparticles, (g) In vivo whole-body 3D imaging (SPECT) with 

NaLuF4:Yb,Tm nanoparticles, (h) Self-assembly of fluoride-based nanoplates, (i) 

Multicolour barcoding through single particles, (j) Full-colour volumetric 3D display 

using pulse-duration-sensitive nanoparticles. 

Fig. 5 (a) Near infrared (850–930 nm) room temperature emission spectra of Nd-doped 

LaF3 NPs, evidencing the two spectral ranges used for fluorescence thermal sensing 

(IR1 and IR2) b) Temperature dependence of the IR1/IR2 intensity ratio. Dots are 

experimental data and solid line is the best linear fit. 

 

Chapter 2 

Fig.1 Illustration of the Franck-Condon principle. 

Fig.2 Two cases of excited state distortions: (a) zero and (b) non-zero displacement, 

with corresponding absorption and emission spectra depicted below. 

Fig.3 (a) Stokes and (b) anti-Stokes shifts. 

Fig.4 Jablonski level diagram. Singlet ground, first and second electronic states are 

denoted by S0, S1 and S2, respectively. Triplet excited state is indicated by T1. Radiative 

processes are depicted as solid lines, non-radiative ones as dashed lines. 

Fig.5 Energy diagram for Ln3+ ions in a LaCl3 lattice. 

Fig.6 Schematic representation of the electronic absorption transitions of a lanthanide 

ion, displaying 4f-4f, 4f-5d and charge-transfer state transitions. 

Fig.7 Schematic splitting of energy levels of 4f electronic configuration of lanthanide 

ions. 

Fig.8 Typical examples of Ln3+ spectra from (a) microcrystalline NaYF4:Yb/Er 

(λex=980 nm) and from microcrystalline [Ln(hfa)3(4-cyanopyridine-N-oxide)2] for Ln 



vii 
 

= (b) Tm, (c) Ho and (d) Nd respectively (under ligand excitation λex=320-340 nm). 

Fig.9 Förster resonance mechanism. 

Fig.10 Dexter Exchange Mechanism. 

Fig.11 Emission and absorption of the donor and acceptor in ET. 

Fig.12 Schematic diagram of the (a) downconversion and (b) upconversion processes. 

Fig.13 Schematic diagram of the (a) cross-relaxation and (b) cooperative energy 

transfer processes. 

Fig.14 Main UC mechanisms: (a) excited-state absorption ESA, (b) energy transfer 

upconversion ETU, (c) sensitized energy transfer upconversion ETU, (d) cooperative 

luminescence upconversion CLU and (e) cooperative sensitization upconversion CSU. 

Fig.15 Photon avalanche looping mechanism. 

Fig.16 Schematic energy level diagram for Yb3+-Er3+ ion pair, representing common 

two-photons radiative transitions (2H11/2 → 4I15/2, 
4S3/2 → 4I15/2, 

4F9/2 → 4I15/2, 
4I9/2→ 

4I15/2). 

Fig.17 Schematic energy level diagram for Yb3+-Tm3+ ion pair, representing common 

two- (3H4 → 3H6), three- (1G4 → 3H6 and 1G4 → 3F4) and four-photons (1D2→
3F4) UC 

processes. 

Fig.18 Schematic energy level diagram for Yb3+-Ho3+ ion pair, representing common 

two-photons radiative transitions (4F4(
5S2) → 5I8 and 4F4(

5S2) →
5I7 and 5F5 → 5I8). 

Fig.19 Schematic energy level diagram for Nd3+-doped systems, representing radiative 

transitions (4F3/2 → 4I13/2, 
4F3/2 → 4I11/2, 

4F3/2 → 4I9/2, 
4F5/2 → 4I9/2,

 4G5/2 → 4I11/2, 
4G7/2 → 

4I13/2 and 4G7/2 → 4I11/2). 

 

Chapter 3 

Fig. 1 Schematic representation of possible temperature-related effects on the 

luminescence. Red lines correspond to higher temperatures, blue lines to lower ones. 

Fig.2 Bell curve for normal distribution. Two standard deviations from the mean 

include 95.45% of the results. In this case, if the difference with the mean 

temperature is lower than 2 δT, the value itself is considered as a repetition of the 

mean value. 

Fig. 3 Schematic representation of three different electronic structures leading to dual 

emission. (a) Two independent luminescent probes, (b) Two luminescent centers 

interacting through ET mechanism. (c) Two thermally coupled luminescent excited 

states. 

Fig. 4 Schematic illustration of optical windows in biological tissues, representing the 

attenuation coefficient of typical elements encountered in vivo, including oxygenated 

and deoxygenated blood, water, and melanin. 



viii 
 

Fig. 5 Image of mice tumors (a), with LaF3:Nd3+ NPs injected only in the left side 

(right-side tumor was used as control); Infrared fluorescence (b) and Infrared Thermal 

(c) images under 808 nm laser irradiation (4 W cm-2). 

 

Chapter 4 

Fig. 1 Bi2O3-SiO2 binary system phase diagram. 

Fig.2 Stable and metastable polymorphs of Bi2O3 and their temperature dependence. 

 

Chapter 5 

Fig.1 Schematic illustration of the synthesis procedure for lanthanide-doped 

Bi2SiO5@SiO2 

Fig.2 SEM images of Bi2O3 NPs synthetized by varying the precipitant agent: (a) 

KOH, (b) NaOH, (c) NH4OH and (d) CO(NH)2. Mean size of each sample (estimated 

by stastically sampling N=500 NPs) is indicated underneath SEM images. 

Fig.3 SEM images of two series of Bi2O3 NPs synthetized by varying the molecular 

weight of PVP capping agent, either with NaOH or Urea as precipitant agent: (a, f) 

MW=10 kg/mol, (b, g) MW=29 kg/mol, (c, h) MW=40 kg/mol, (d, i) MW=360 kg/mol 

and (e, j) MW=1300kg/mol. Mean size (estimated by statistically sampling N=500 

NPs) is indicated underneath SEM images. 

Fig.4 Uniform Bi2O3 NPs, synthetized with PVP with MW=40 kg/mol as capping 

agent and either with NaOH or Urea as precipitant agent: (a,e) SEM images, (b,f) size 

distributions (N=700), (c,g) single particle TEM and (d,h) HR-TEM images. 

Fig.5 N2 adsorption/desorption isothermal curves for Bi2O3 NPs, synthetized either 

with (a) NaOH or (b)urea as precipitant agent. 

Fig.6 (a) FT-IR spectrum of Bi2O3 NPs before (black line) and after (blue line) the 

thermogravimetric analysis (780°C) showing the typical peaks for stretching and 

bending vibrations in EG and PVP, (b) TG (blue line) and DTG (red line) showing 

weight loss peaks relative to EG and PVP calcination at 240 and 350°C, respectively. 

Fig.7 XRPD pattern of the synthetized Bi2O3  NPs. 

Fig.8 FE-SEM images of Er-doped Bi2O3 NPs, synthetized with urea as precipitant 

agent, with different at.% content of Er: (a) 0.5%, (b) 1%, (c) 2%, (d) 4%, (e) 6% and 

(d) 8%. 

Fig.9 Size distributions of the Er-doped Bi2O3 NPs as a function of the Er content 

Fig.10 (a) FE-SEM, (b, c) HR-TEM images and (d, e) EDS analysis of Er-doped Bi2O3 

NPs with 10%at. of Er. 

Fig.11 FE-SEM images of Yb-Er co-doped Bi2O3 NPs, synthetized with urea as 

precipitant agent, with different at.% content of Yb and Er: (a) Yb6-Er1% and (b) 

Yb10-Er1%. 



ix 
 

Fig.12 FE-SEM images of Er-doped and Yb-Er co-doped Bi2O3 NPs, synthetized with 

NaOH as precipitant agent, with different at.% content of Yb and Er: (a) Er 5%, (b) Er 

10%, (c) Yb6-Er1% and (d) Yb10-Er1%. 

Fig.13 (a, c) DSC curves and (b, d) the XRPD patterns for the resulting crystalline 

phase of the undoped and 2 at.% Er-doped Bi2O3 NPs. 

Fig.14 Effect of a single addition of equivalent volume of TEOS at once on the silica 

shell growth. (a, b, c) SEM images for a TEOS (μL):Bi2O3 (mg) ratio of 2, 4 and 8 

eventually showing the formation of non-shelling silica NPs (indicated by red arrows), 

(d, e, f) size distributions (N=700) eventually showing the presence of a second 

population of SiO2 NPs and (g, h, i) gaussian distributions of NPs, showing mean size 

of Bi2O3 and SiO2 NPs, when present. 

Fig.15 Effect of subsequent additions of equivalent aliquots of TEOS on the silica shell 

growth. (a,b) Conventional secondary electrons (SE) and backscattered electrons 

(BSE) SEM images for a TEOS (μL):Bi2O3 (mg) ratio of 4. The red arrows evidence 

the silica NPs formed during the SiO2 shell growth on Bi2O3 NPs surface. (c,d) 

Representative SE and BSE SEM images of the silica shells grown on Bi2O3 NPs with 

two subsequent TEOS additions strategy of 2 μL of TEOS per mg of Bi2O3 NPs. 

Fig.16 Fine control of the silica shell thickness on the Bi2O3 NPs surface. 

Representative SEM (a) and TEM (b) images of the core-shell Bi2O3@SiO2 prepared 

by a single addition of 2μL of TEOS per mg of Bi2O3 NPs synthetized by using urea. 

(c) Distributions of the diameter of the NPs as a function of the TEOS (μL):Bi2O3 (mg) 

ratio (0, 1, 2, 4, 8 and 12) for the Bi2O3 NPs synthetized with NaOH. Representative 

SEM images of a single Bi2O3@SiO2 nanoparticle as a function of silica shell growth 

(increasing thickness from left to right) for Bi2O3 prepared with (d) urea and (e) NaOH. 

(f) Experimental and theoretical shell thickness as a function of the mL of TEOS used 

for a fixed amount of NPs (40 mg). The error bars represent the deviation of the mean 

value of three experiments. Inset: schematic geometrical representation used for the 

theoretical model of eq. 1. 

Fig.17 Schematic geometrical representation used for the theoretical model of Eq. 1, 

where rcs and rc represent the radius of the core NPs (Bi2O3) with and without the 

silica shell respectively and tshell represents the thickness of the silica embedding layer. 

Fig.18 Representative HR-TEM single particle images for different SiO2 shell 

thickness for the Bi2O3 NPs prepared with NaOH (a-c) and urea (d-f). The numbers 

represent the TEOS (μL):Bi2O3 (mg) ratio (1, 2, and 8). 

Fig.19 (a) DSC curves, (b) XRPD patterns and (c,d,e) SEM images of the 

Bi2O3:Er@SiO2 NPs with different silica shell thickness (11±2 nm, 23±1 nm and 40±2 

nm) after the DSC analysis. 

Fig.20 In-situ temperature dependent synchrotron radiation XRPD patterns 

(λ=1.12576 Å) of the undoped Bi2O3@SiO2 system with a shell of about 40 nm. 

Fig.21 Study of thermal effect on the structural and morphological properties during 



x 
 

the Bi2O3:Er@SiO2 NPs: Bi2SiO5:Er@SiO2 transition: (a) Temperature dependent 

XRPD patterns and (b) Rietveld refinement of the nanosystem annealed at 700 °C. (c) 

HR-TEM images of a single particle as a function of thermal treatment at different 

temperatures from 400 to 700°C, SE and BSE SEM images of 2%at. Er3+-doped 

Bi2O3:Er@SiO2 treated at (d) 400 °C and (e) 700 °C. 

Fig.22 HR-TEM image (left) and EDS spectra (right) recorded for the 

Bi2SiO5:Er@SiO2 sample treated at 700 °C: (1) SiO2 shell, (2) Bi2SiO5:Er layer and 

(3) the centre of the hollow particle. 

Fig.23 UC PL spectra (a, b, c) and double logarithmic plot (d, e, f) with linear fit of 

the luminescence intensity versus pump power to determine the order of the 

upconversion excitation processes, of Yb-Er, Yb-Tm and Yb-Ho co-doped 

Bi2SiO5@SiO2 NPs, respectively. Capital letters represent the transitions of 

Er3+ (A: 2H11/2 → 4I15/2; B: 4S3/2 → 4I15/2; C: 4F9/2 → 4I15/2), Tm3+ (D: 1G4 → 3H6; 

E: 1G4 → 3F4; F: 3F2,3 → 3H6; G: 3H4 → 3H6) and Ho3+ (H: 5S2,
5F4 → 5I8; I: 

5F5 → 5I8; 

J: 5S2,
5F4 → 5I7). 

Fig.24 UC PL spectra (a, b, c, d) of Bi2SiO5@SiO2 NPs doped with multiple 

combinations of Ln3+ ions, i.e. Yb-Er-Tm, Yb-Ho-Tm and Yb-Er-Ho-Tm, 

respectively. Capital letters represent the transitions of Er3+ (A: 2H11/2 → 4I15/2; 

B: 4S3/2 → 4I15/2; C: 4F9/2 → 4I15/2), Tm3+ (D: 1G4 → 3H6; E: 1G4 → 3F4; F: 3F2,3 → 3H6; 

G: 3H4 → 3H6) and Ho3+ (H: 5S2,
5F4 → 5I8; I: 

5F5 → 5I8). 

Fig.25 CIE diagram for all the Ln3+-doped Bi2SiO5@SiO2 NPs produced, including 

the relative picture under 977 nm diode exposure. The white-light emitting sample 

corresponds to the triple doping Yb-Er-Tm with at.% of 6, 1 and 0.5, respectively.  

Fig.26 Diffuse reflectance spectra (a, b, c) of Yb-Er, Yb-Tm and Yb-Ho co-doped 

Bi2SiO5@SiO2 NPs, respectively, with the Kubelka–Munk function (inset) and 

bandgap estimation (d, f, e) as the intercept of the fitted straight line at F(R)=0 in the 

(F(R)·hν)2 versus hν plot. Capital letters represent the transitions of Er3+  (A: 
4I15/2→

2F7/2, B: 4I15/2→
2H11/2, C: 4I15/2→

4S3/2, D: 4I15/2→F9/2, E: 4I15/2→
4I9/2), Tm3+ (F: 

3F4→
1D2, 

3H6→
1G4, G: 3F4→

1G4, H: 3H6→
3F2,3, I: 

3H6→
3H4 ), Ho3+ (J: 5I8→

5G5, K: 
5I8→

5G6, L: 5I8→
5F3, M: 5I8→

5S2, 
5F4, N: 5I8→

5F5). 

Fig. 27 (a) Size distribution gaussian bells for the four samples of the (Bi1-xNdx)2O3 

series with x=0.005, 0.01, 0.02 and 0.05; (b) EDS spectrum of Bi2O3 NPs with a 2%at. 

content of Nd3+. 

Fig.28 FE-SEM images (a, b, c) and corresponding size distributions (N=700) (d, e, f) 

of Bi2O3, Bi2O3@SiO2 and Bi2SiO5@SiO2 samples, with a 2%at. content of Nd3+. 

Fig.29 XRPD patterns of (a) the synthetized Bi2SiO5 nanoparticles, with different Nd3+ 

content and (b) (Bi0.98Nd0.02)2SiO5 NPs compared to the corresponding ICSD#245035 

crystal structure. 

Fig.30 (a) PL spectra and (b) integrated intensities of 4F3/2 → 
4I9/2 transition relative to 

the various samples of the (Bi1-xNdx)2O3 series with x=0.005, 0.01, 0.02 and 0.05, 



xi 
 

where the dots represent experimental data and dashed lines are added as a guide for 

the eye. 

Fig.31 (a) Emission (blue line) and excitation (red line) spectra of (Bi0.98Nd0.02)2SiO5 

NPs and (b) Nd3+ schematic energy level diagram with typical absorption and emission 

lines indicated as red and blue arrows, respectively. 
Fig.32(a) Diffuse reflectance spectra with the Kubelka–Munk function (inset) and (b) 

Tauc plot for the bandgap estimation of (Bi0.98Nd0.02)2SiO5 NPs. 
Fig.33 XRPD patterns of (a) Bi2O3:Nd3+@SiO2 NPs calcined at different temperatures: 

800°C (purple line), 900°C (red line) and 1000°C (orange line), respectively; (b) 

Bi4Si3O12:Nd3+@SiO2 nanoparticles, with a 2%mol Nd3+-content and compared to the 

Bi4Si3O12 crystal structure (ICSD#84519).  

Fig.34 FE-SEM images of Bi2O3:Nd3+@SiO2 NPs with a 2%at. content of Nd3+, 

calcined at different temperatures: 800°C (a), 900°C (b) and 1000°C (c), respectively. 

Fig.35 XRPD patterns of (a) Bi2O3-SiO2 powders sintered at increasing temperatures, 

compared to the α-Bi2O3 (ICSD#411449) and Bi12SiO20 crystal structures 

(ICSD#28443), (b) Bi12SiO20:Nd3+ bulk powders, with a 2%mol Nd3+-content 

compared to the Bi12SiO20 crystal structure (ICSD#28443).  

Fig.36(a) Emission (blue line) and excitation (red line) spectra of (Bi0.98Nd0.02)12SiO20 

NPs and (b) Nd3+ schematic energy level diagram with typical absorption and emission 

lines indicated as red and blue arrows, respectively. 

Fig.37 Spectral shapes of the three different Nd3+-doped BSO compounds: Bi2SiO5 

(blue line), Bi4Si3O12 (red line) and Bi12SiO20 (black line). 

Fig.38 (a) Diffuse reflectance spectra with the Kubelka–Munk function (inset) and (b) 

Tauc plot for the bandgap estimation of (Bi0.98Nd0.02)12SiO20 powders. 

 

Chapter 6 

Fig.1 CellTiter-Glo® 2.0 Assay principle from CellTiter-Glo® 2.0 Assay Technical 

Manual (Promega) 

Fig.2 ATP levels for different types of cell lines, expressed as a function of luciferase 

luminescence (RLU, relative luminescence units). Cell viability was investigated 

against various concentrations of starting reagents (ethylene glycol and PVP), and NPs 

corresponding to the three synthetic steps (i.e. Bi2O3, Bi2O3@SiO2 and Bi2SiO5@SiO2 

NPs). The data were normalized on the luminescence of the negative control (with any 

agent added to the cell lines). 

Fig.3 Viability (%) of the (a) Gram-positive S. Aureus and (b) Gram-negative E. Coli 

vs. increasing concentrations of Bi2O3, Bi2O3@SiO2 and Bi2SiO5@SiO2 NPs, 

normalized on the positive control viability. 

Fig.4 UV-VIS spectrum for methyl orange, showing the two typical absorption bands. 
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Fig.5 (a) Calibration curve with absorbance values at 465 nm of different Methyl 

Orange concentrations in aqueous solution, (b) Photo-oxidation of an aqueous solution 

of MO as a function of time, under UV LED irradiation for TiO2 P25 powder (red 

squares) and Bi2SiO5@SiO2 NPs (black squares). The grey frame represents the 

equilibration time in the dark. 

Fig.6 Solution decolouration as a function of MO degradation in time, in the presence 

of (a) TiO2 P-25 powders and (b) Bi2SiO5@SiO2 NPs. 

Fig.7 SEM images of Bi2O3 and Bi2SiO5@SiO2 NPs before and after the exposure to 

acid solutions, either HCl or HNO3, with different pH values for 3 hours. 

Fig.8 XRPD patterns of Bi2SiO5@SiO2 NPs exposed for increasing time intervals, to 

HNO3 1M. 

 

Chapter 7 

Fig.1 Temperature dependence of PL emission spectra in the 80−800 K range, 

normalized to the 4S3/2 line. 

Fig.2 Temperature dependence of integrated UC PL intensities of the Er3+ transitions 

from 2H11/2 (green dots) and 4S3/2 (yellow dots) 4F9/2 (red dots) to ground state 4I15/2 and 

the total sum of their intensities (black dots) (a) in the whole temperature range tested 

and (b) in the physiological range (290-320 K).The lines between symbols have been 

added for guiding the eye. (c) Arrhenius plot in the temperature range of linearity for 

the Boltzmann law (280-800 K) and estimation of the distance in energy (ΔE) between 

the two thermally coupled levels (d)Fit of the spectrum collected at 300 K, for the 

empirical estimation of ΔE as the distance between the barycenters (x4S3/2= 18.3x103 

cm-1, x2H11/2= 19.1x103 cm-1) of the two multiplets. (e) Absolute sensitivity of the 

Yb3+/Er3+-based thermometric system, (f) Relative sensitivity of the Yb3+/Er3+-based 

thermometric system. (The blue frame indicates the physiological temperature range). 

Fig.3 (a) Temperature uncertainty. (b) Repeatability, upon four subsequent 

temperature cycling between 300 and 800 K. The computed parameter R was >99%. 
Fig.4 (a) Temperature dependence of PL emission spectra in the 80−800 K range, 

normalized to the 3H4 line. (b) Temperature dependence of integrated UC PL 

intensities of the Tm3+ transitions from 3F2,3 (orange dots) and 3H4 (red dots) to ground 

state 3H6. The dotted lines between symbols have been added for guiding the eye. (c) 

Arrhenius plot, where the linearity for the Boltzmann law is true in a selected range of 

temperatures (400-800 K), and estimation of the distance in energy (ΔE) between the 

two thermally coupled levels. (d) Fit of the spectrum collected at 300 K, for the 

empirical estimation of ΔE as the distance between the barycenters (x3H4=12.5x103 cm-

1, x3F2,3=14.3x103 cm-1) of the two multiplets. (e) Absolute sensitivity of the 3F2,3/
3H4 

Yb3+/Tm3+-based thermometric system, in the range of validity of the Boltzmann law. 

(f) Relative sensitivity of the 3F2,3/
3H4 Yb3+/Tm3+-based thermometric system, in the 

range of validity of the Boltzmann law. 
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Fig.5 Arrhenius plot, between 280 and 400 K, where the Boltzmann law is not 

effective.  

Fig.6 (a) Temperature dependence of PL emission spectra in the 80−500 K range, 

normalized to the 1G4 line. (b) Temperature dependence of integrated UCPL intensities 

of the Tm3+ transitions from 3F2,3 level to ground state 3H6 (red dots) and from 1G4 to 
3F4 level (orange dots). The dotted lines have been added for guiding the eye. (c) 

Arrhenius plot, where the linearity for the Boltzmann law is true in a selected range of 

temperatures (260-400 K), and estimation of the distance in energy (ΔE) between the 

two thermally coupled levels. (d) Fit of the spectrum collected at 300 K, for the 

empirical estimation of ΔE as the distance between the barycenters (x3F2,3=14.27x103 

cm-1, x1G4=15.44 x103 cm-1) of the two bands. (e) Absolute sensitivity of the 3F2,3/
1G4 

Yb3+/Tm3+-based thermometric system, in the range of validity of the Boltzmann law, 

(f)Relative sensitivity of the 3F2,3/
1G4 Yb3+/Tm3+-based thermometric system. (The 

blue frame indicates the physiological temperature range). 

 

Chapter 8 

Fig.1(a) Temperature dependence of PL emission spectra in the 80−850 K range, 

normalized to the 4F3/2 line; (b) Temperature dependence of integrated PL intensities 

of the Nd3+ transitions from 4F5/2 (red dots), 4F3/2 (brown dots) and the total sum of their 

intensities (grey dots); (c) Arrhenius plot in the temperature range of linearity for the 

Boltzmann law (280-850 K) and estimation of the distance in energy (ΔE) between the 

two thermally coupled levels; (d) Fit of the spectrum collected at 300 K, for the 

empirical estimation of ΔE as the distance between the barycenters (x4F3/2=11.4x103 

cm-1, x4F5/2=12.3x103 cm-1) of the two multiplets; (e) Absolute sensitivity of the 

Bi2SiO5: Nd3+@SiO2 thermometric system; (f) Relative sensitivity of the Bi2SiO5: 

Nd3+@SiO2 thermometric system. (The blue frame indicates the physiological 

temperature range). 

Fig.2 Repeatability upon temperature cycling between 250 and 850 K, R>99%. 

Fig.3 (a) Temperature dependence of PL emission spectra in the 100−700 K range, 

normalized to the 4F3/2 line; (b) Temperature dependence of integrated PL intensities 

of the Nd3+ transitions from 4F5/2 (red dots), 4F3/2 (brown dots) and the total sum of their 

intensities (grey dots); (c) Arrhenius plot in the temperature range of linearity for the 

Boltzmann law (260-700 K) and estimation of the distance in energy (ΔE) between the 

two thermally coupled levels; (d)Fit of the spectrum collected at 300 K, for the 

empirical estimation of ΔE as the distance between the barycenters (x4F3/2=11.3x103 

cm-1, x4F5/2=12.3x103 cm-1) of the two multiplets, (e)Absolute sensitivity of the 

Bi4Si3O12:Nd3+@SiO2 NPs thermometric system; (f) Relative sensitivity of the 

Bi4Si3O12:Nd3+@SiO2 NPs thermometric system. (The blue frame indicates the 

physiological temperature range). 

Fig.4 (a) Temperature dependence of PL emission spectra in the 80−700 K range, 

normalized to the 4F3/2 line; (b) Temperature dependence of integrated PL intensities 
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of the Nd3+ transitions from 4F5/2 (red dots), 4F3/2 (brown dots) and the total sum of their 

intensities (grey dots); (c) Arrhenius plot in the temperature range of linearity for the 

Boltzmann law (260-700 K) and estimation of the distance in energy (ΔE) between the 

two thermally coupled levels; (d) Fit of the spectrum collected at 300 K, for the 

empirical estimation of ΔE as the distance between the barycenters (x4F3/2=11.1x103 

cm-1, x4F5/2=12.2x103 cm-1) of the two multiplets; (e) Absolute sensitivity of the 

Bi12SiO20:Nd3+@SiO2 NPs thermometric system; (f)Relative sensitivity of the 

Bi12SiO20:Nd3+@SiO2 NPs thermometric system. (The blue frame indicates the 

physiological temperature range). 
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Abstract 

 
Upconversion phosphor materials, usually consisting of crystals doped with lanthanide 

ions, are attracting increasing attention and several possible applications in various 

fields have been proposed so far:  e.g. solar cells with improved efficiency, 

nanomaterials for bio-imaging, microtags in anti-counterfeiting inks and lasers and 

novel display technologies. 

In recent years, lanthanide (Ln3+)-doped upconverting nanoparticles (UCNPs) have 

proved to be photostable and basically nontoxic, thus have been presented as efficient 

and versatile bioimaging probes. This type of nanoparticles can be excited with near-

infrared (NIR) light, while emitting higher-energy photons in a wide range of the 

electromagnetic spectrum, from the ultraviolet (UV), to visible (VIS) and near infrared 

(NIR) regions, via a multiphoton process. In particular, operating within the biological 

window leads to several advantages, such as drastically reduced photodamage and 

autofluorescence background, and remarkable tissue penetration.  

On the other hand, bismuth-based luminescent materials have proved to be excellent 

candidates for the design of bulk and nanosized phosphors, thanks to peculiar optical 

characteristics and appealing properties such as low cost of production and almost non-

toxicity. 

Driven by these factors our work is mainly focused on the development of novel 

nanostructures, i.e. lanthanide-doped bismuth silicate-silica core-shell nanoparticles, 

to be employed as biological probes. A new synthetic procedure is here developed to 

obtain NPs composed of a crystalline Bi2SiO5 core embedded in a glassy shell of dense 

SiO2. Uniform, monodispersed, crystalline and non-toxic nanoparticles are obtained. 

The tunability of the UC emission is investigated by co-doping the system with 

different combinations and relative concentrations of lanthanide ions (Yb, Er, Ho, 

Tm). Lanthanide-doped Bi2SiO5@SiO2 NPs are thoroughly characterized, allowing to 

assess their potential as bioimaging and temperature sensing nanoprobes. In fact, the 

strongly temperature-dependent behaviour of the upconversion photoluminescence 

(UCPL) in lanthanide ions, allows to develop ratiometric luminescent thermal sensors, 

emitting in the VIS or NIR regions, with promising properties in the biological field. 

The Nd3+ singly-doped Bi2SiO5@SiO2 system is also investigated as thermal bio-probe 

and its optical properties are compared with that of two others bismuth silicate phases 

of the Bi2O3-SiO2 phase diagram, namely Bi4Si3O12 and Bi12SiO20. Moreover, the 

synthesized NPs are multifunctional, potentially being multi-modal probes for 

combined optical imaging and X-ray computed tomography (CT)/single-photon 

emission CT (SPECT)/photoacoustic tomography (PAT), thanks to the X-

ray attenuating properties of the bismuth-based matrix. 
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CHAPTER 1 

 

 

 

General Introduction 
 

1.1 Nanoparticles  
Nanoparticles are defined as an ultrafine particulate material, which composing units 
have at least one dimension between 1 and 100 nm1-3.  
 

 

Fig. 1 Size comparison of biological samples and nanoscale materials (from 
www.wichlab.com) 

 
They can be produced with various geometric shapes, such as spheres4,5, stars6, cages7, 
planes8,9, rods10,11 and wires12, through well-controlled synthetic processes. Moreover, 
NPs possess unique properties that are very different from their bulk counterparts, such 
as high surface-to-volume ratio, high surface energy, unique mechanical, thermal, 
optical, magnetic and electrical features13,14, that make them candidates for a wide 
variety of applications, ranging from electronics, to communications, to energy 
harvesting and storage, to biology and medicine. 
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1.2 Luminescent Nanomaterials 
During the last decades, luminescent nanomaterials have attracted great interest 
worldwide because of their unusual optical properties, together with efforts to obtain 
miniaturised devices. Their peculiar properties can be manipulated to obtain tailored 
performances, particularly suitable for the desired end-use application. Moreover, their 
size and properties paved the way for innovative fields of application, such as 
bioimaging15-17, theragnostic medicine16-18, contact-less thermal sensing19-20, anti-
counterfeiting21 and many others.  For this reason, luminescent NPs might have in the 
future a tremendous potential in revolutionizing everyday life, involving different 
fields of cutting-edge optical technology, and demanding ongoing research on more 
efficient materials22.  
Luminescent nanomaterials are generically assigned to four classes (Fig. 1): (a) 
semiconductor quantum dots (QDs) and carbon dots (CDs), (b) metal nanoclusters, (c) 
metal-doped nanomaterials and (d) organic–inorganic composites and hybrids. QDs, 
CDs and metal nanocluster luminescence emission is based on quantum-confinement 
effects, thus different emission colours are obtained simply by tuning their size. On 
the other hand, in the case of luminescent centres embed in nanoparticles, the 
luminescence emission is independent from the size of the particle, facilitating the 
synthesis but, at the same time, limiting the emission to a single colour. 
 

 
 

Fig. 2 Different types of luminescent materials. 
 
Optically active inorganic nanoparticles doped with lanthanide ions are able to produce 
fluorescence under a suitable light irradiation. Their advantages include controllable 
size, excellent photostability (nonblinking, nonphotobleaching), tunable and narrow 
spectra and resistance to environmental conditions such as pH and temperature23. 
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Rare-earth doped NPs emissions are 
spread throughout all the UV-VIS-NIR 
emission spectrum (Fig.2).  
The UC output colour can be finely 
tailored by controlling different 
parameters, such as dopant composition24 
and concentration25, excitation 
wavelength26, power density27, and host 
lattice28 of the nanocrystals.  
Thanks to the ladder-like energy structure 
of lanthanide ions, selective doping 
allows to control and modulate the 
population distribution of different 
emitting levels, via energy transfer (ET) 
phenomena15. 
Rare-earth doped NPs have a plethora of 
applications, from traditional energy 
conversion (i.e. solar cells and 
photocatalysis) and displays (i.e. RGB 
and 3D displays), to remarkable 
nanomedicine (i.e. bio-imaging, bio-
detection, drug delivery, photodynamic 
and photothermal therapy and 
temperature sensing) up to innovative 
applications such as security, barcoding, 
optical storage, RGB printing and so on 
(Fig.4) 15. 
The nano-size is of tremendous 
importance speaking of biomedical 
applications. Other important properties 
that NPs must possess in this case are 
biocompatibility, non-toxicity and 
solubility, these largely depend on their 
surface chemistry and can be adjusted by 
means of various functionalizations29.  

 

 

Fig.3 Typical Ln3+-based upconversion 
emission bands covering a broad range 

of wavelengths from ultraviolet 
(~290 nm) to NIR (~880 nm) and their 

corresponding main optical transitions. 
 

By carefully choosing the dopants, it is possible to match absorption and emission of 
the optically active NPs with the biological optical transparency window (650-1800 
nm), obtaining deep tissue penetration. This window is separated in three distinctive 
regions, NIR-1 (650-950 nm), NIR-2 (1000-1350 nm) and NIR-3 (1500-1800 nm), 
because of two intense absorption peaks of water at around 980 nm and 1450 nm30. 
With lanthanide-doped NPs, two types of luminescent processes are possible: down 
shifting (DS), i.e. the conversion of higher energy photons into lower energy ones 
following Stokes law, and upconversion (UC), i.e. the sequential absorption of  two or 
more low-energy photons (usually NIR light) that are converted in higher energy 
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photons (UV/VIS/NIR light) by means of anti-Stokes processes, via long-lived 
intermediate states of lanthanide ions31. The presence of real intermediate electronic 
states accounts for efficient UC processes, even when using low cost continuous-wave 
laser diodes or incoherent light sources with excitation power density as low as ∼10−1 
W/cm2 16.  
 

 

Fig.4 Multifunctional upconverting nanoparticles for emerging applications: (a) 
Confocal imaging of NaYF4:Yb,Er nanoparticles at the single-particle level, (b) 
Rewritable optical storage enabled by light responsive nanoparticles, (c) Lasing 

and waveguide amplifier using the nanoparticles as gain media, (d) Latent 
fingerprinting through the use of NaYF4:Yb,Er nanoparticles, (e) Red–green–blue 

(RGB) printing involving nanoparticle inks, (f) document security printing, 
through lifetime encoded NaYF4:Yb,Tm nanoparticles, (g) In vivo whole-body 3D 

imaging (SPECT) with NaLuF4:Yb,Tm nanoparticles, (h) Self-assembly of 
fluoride-based nanoplates, (i) Multicolour barcoding through single particles, (j) 
Full-colour volumetric 3D display using pulse-duration-sensitive nanoparticles. 

(See Zhou et al. (2015)15 for references). 
 
Downshifting nanoparticles (DS NPs) are commonly doped with Ln3+ ions that possess 
significant visible emission transitions following UV excitation, e.g. Sm3+, Eu3+, Tb3+ 
and Dy3+. However, Nd3+ is the most adequate for biological applications, having 
excitation and emission wavelengths within the biological optical transparency 
window29.  
Upconverting nanoparticles (UC NPs) proved to be particularly suitable for bio-
imaging purposes. Most of the literature on UCNPs focuses on Yb as sensitizer, since 
it can be conveniently excited with 980 nm common lasers, and other lanthanide ions 
(typically Er, Tm and Ho) as activators, with interesting UC emissions. The most 
studied UCNPs have fluoride- (i.e. NaYF4

32,33, NaGdF4
34, NaLuF4

9, LiYF4
35

, BaYF5
36

, 

SrF2
37,38, CaF2

39,40, LaF3
41-44

, LuF3
45

, YF3
46,47), oxide- (i.e. Y2O3

48-50, Lu2O3
51, La2O3

52, 
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Gd2O3
53) and oxysulfide-based (i.e. Y2O2S54, Gd2O2S55, La2O2S56) hosts, chosen 

because of low phonon energy of the lattice. 
Upconverting lanthanide-doped nanocrystals (UCNCs) were even employed to assess 
the temperature in biological environments, as a function of the luminescence 
output19,20,57-61, enabling ratiometric temperature sensing with high spatial resolution 
and with zero background arising from NIR photoexcitation58. Dual-emitting 
phosphors (Fig. 5), with resolvable emission intensities from two different emitting 
levels, proved to be more efficient and precise. Recently, several Ln3+-based 
luminescent nanothermometers have been reported: ZnO:Er3+ 62, BaTiO3:Er3+ 63, 
Gd2O3:Er3+/Yb3+ 53 and Nd3+ 64, SrF2:Er3+/Yb3+ 65, PbF2:Er3+/Yb3+ 66,67, LaF3:Nd3+ 68, 
NaYF4:Er3+/Yb3+ 69 and Tm3+/Yb3+ 70, CaF2:Er3+/Yb3+ and Tm3+/Yb3+ 40. 
 

 
 

Fig. 5 (a) Near infrared (850–930 nm) room temperature emission spectra of Nd-
doped LaF3 NPs, evidencing the two spectral ranges used for fluorescence thermal 
sensing (IR1 and IR2) b) Temperature dependence of the IR1/IR2 intensity ratio. 

Dots are experimental data, while the solid line is the best linear fit41. 

 
1.3 Summary of the thesis 
Considering what described above about lanthanide-doped NPs and considering the 
advantages of employing bismuth-based host materials, such as low toxicity, low cost 
and the possibility to obtain multifunctional probes for different imaging techniques, 
this work focused on the study of new bismuth-based luminescent materials doped 
with lanthanide ions. Synthesis, physico-chemical characterization and optical studies 
are reported. Moreover, the applicability of luminescent nanoparticles in various 
fields, such as multi-modal imaging and ratiometric contact-less optical thermometry, 
is further discussed. 
The present work is structured in different thematic sections, providing, when 
necessary, an overview on the state-of-the-art and some basic theoretical knowledge.   
The thesis is organized as follows. 
Basic theoretical concepts on luminescence phenomena are provided in Chapter 2, 
deepening photoluminescence processes from localized luminescent centres and 
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dealing with themes such as energy transfer (ET), downconversion (DC), 
upconversion (UC), lanthanide ions and their typical sensitizer-activator pairs. 
Basic knowledge of contact-less optical thermometry is given in Chapter 3, describing 
the method here adopted to assess the thermometric performance of the proposed 
system, based on the fluorescence intensity ratio (FIR) between two closely spaced 
emitting levels or two Stark components of an excited state, that are thermally coupled. 
Chapter 4 gives a brief overview on bismuth-based materials, outlining their 
potentialities as host for luminescent centres, with an insight on the three different 
crystalline structures of bismuth silicate herein investigated and on bismuth oxide 
polymorphs. 
In the first section of Chapter 5 we propose Bi2SiO5 nanoparticles, as a new class of 
UCNPs, deepening various aspects such as the synthetic route and the effect of 
temperature and concentration of dopants on the crystalline structure of the material. 
Subsequently, an extensive investigation of physico-chemical parameters and a 
detailed photophysical investigation of the optical properties have been carried out, 
with the aim to assess the suitability of this materials as a new generation of UC 
nanophosphors. Furthermore, the synthesis of various Nd3+-doped Bismuth-based 
(nano)systems is described, i.e. Bi2SiO5@SiO2 and Bi4Si3O12@SiO2 NPs, and bulk 
Bi12SiO20.  
Chapter 6 introduces upconverting Bi2SiO5 nanoparticles, doped with Yb3+ as 
sensitizer and Er3+ or Tm3+ as activators, as new probes for ratiometric optical 
thermometry, judging their thermometric performance based on key parameters such 
as the relative and absolute sensitivity, the temperature uncertainty and the 
repeatability of measurements. 
In Chapter 7 some features of Bi2SiO5@SiO2 NPs are investigated, such as 
biocompatibility, anti-microbial and photocatalytic properties and resistance to strong 
acidic medium. 
Chapter 8 deals with Nd3+-doped bismuth silicate nano- and bulk materials, as 
ratiometric NIR-emitting optical temperature sensors. PL spectra as a function of 
temperature are reported, and the suitability of each material for thermal sensing is 
assessed based on a figure of merit, i.e. the relative sensitivity. 
Finally, Chapter 9 summarizes the main achievements of this work, outlining future 
perspectives on the subject dealt. 
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CHAPTER 2 

 

 

 

Luminescence: basis and processes 
 

2.1 Photoluminescence 
The term Luminescence, adopted for the very first time by German physicist 
Wiedemann in 1888, refers to the emission of light from an excited electronic state of 
any substance. Different types of luminescence can be distinguished, depending on the 
source and the nature of light excitation, i.e. bioluminescence, crystalloluminescence, 
chemiluminscence, electroluminescence, cathodoluminescence, 
mechanoluminescence, photoluminescence, radioluminescence, sonoluminescence 
and thermoluminescence. 

 
2.1.1 Light absorption 
In the case of photoluminescence, the process starts with the absorption of photons. 
Since the electronic absorption of light is extremely quick, the nuclei are assumed to 
be “static” in this short time-frame. The assumption of negligible nuclear displacement 
is known as the Franck-Condon principle and is represented by vertical transitions in 
energy level diagrams (transition A in Fig.1). Transitions that are not “vertical”, such 
as the one terminating in the lowest vibrational level of the excited state (transition B) 
or the one terminating in a triplet excited state (transition C), are not possible because 
of the large displacement between the two levels involved.  
The displacement of the excited state respect to the ground state position is due to 
differences in the bonding properties between the molecular orbitals representing the 
two states. The extent of the nuclear displacement may vary widely. For example, in 
the case of zero excited state distortion (Fig. 2a), the vibronic transition 0-0 has the 
greatest probability to occur, thus has the strongest intensity in both absorption and 
emission spectra. On the other hand, in the case of significant excited state 
displacement (Fig. 2b) the same vibronic transitions becomes less probable, thus the 
weaker intensity in the spectra. 
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Fig.1 Illustration of the Franck-Condon principle1. 

 

 
 

Fig.2 Two cases of excited state distortions: (a) zero and (b) non-zero 
displacement, with corresponding absorption and emission spectra depicted 

below1.  
 

The energy difference between absorption and emission spectra, defined as the Stokes 
shift (Fig. 3), as well as the band width (FWHM) are both a quantitative measure of 
the excited state distortion. In the case of zero excited state distortion, the emission 
bands appear very sharp, with small FWHM values, whereas in the opposite case the 
bands are much broader2. 
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Fig.3 (a) Stokes and (b) anti-Stokes shifts3.  

 
2.1.2 Light emission  
The mechanism of light emission can be easily illustrated with the aid of the Jablonski 
energy level diagram (Fig. 4). The multiplicity of an electronic state can be either a 
singlet Sn (paired electrons, with opposite spin), or a triplet Tn (unpaired electrons, 
with same spin). Both absorption and emission transitions are more likely to take place 
if spin-allowed. The emission from an excited state, with same spin multiplicity as the 
ground state, occurs rapidly through the emission of a photon; on the contrary, 
transitions from the triplet excited state to the ground-state are forbidden because of 
the selection rules for electronic transitions, thus the emission rates are slow. This 
results in shorter fluorescence lifetimes (in the order of nanoseconds) respect to 
phosphorescence lifetimes (in the order of milliseconds to seconds). 
Following the absorption of light, various radiative or non-radiative processes occur. 
Concerning non-radiative relaxation events, the possible phenomena are: 

► Vibrational relaxation from a higher vibrational level to the lowest level of the 
excited state, within 10-14-10-12 s, thus is generally complete prior to 
luminescence emission (arrow 1 in the Jablonski diagram). 

► Internal conversion from a higher singlet excited state (such as S2) to the lowest 
one (S1), within 10-12 s (arrow 2). 

► Intersystem crossing between excited states with different spin multiplicity as 
for example the relaxation from S1 to T1 (arrow 3), usually less probable than 
internal conversion because of the different spin multiplicity, and thus slower, 
occurring within 10-8 s.  

► Non-radiative de-excitation, consisting in the decay from a singlet excited state 
to the ground state through the release of thermal energy in the form of 
infinitesimal amounts of heat (arrow 4), as an alternative to the emission of 
photons (therefore causing luminescence quenching). In the solid phase, 
phonons (i.e. crystal vibrations) provide the mechanism for this non-radiative 
phenomenon. 
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► Cross relaxation, also called self-quenching, occurring via energy exchange 
between two identical ions, one in the excited state and one in the ground state. 
This results in both ions changing to excited states that are energetically 
halfway the initial excited state and the ground state, and then their eventual 
non-radiative decay. 
 

 
 

Fig.4 Jablonski level diagram. Singlet ground, first and second electronic states 
are denoted by S0, S1 and S2, respectively. Triplet excited state is indicated by T1. 

Radiative processes are depicted as solid lines, non-radiative ones as dashed 
lines1.  

 
Radiative events comprise either fluorescence (S1→S0) or phosphorescence (T1→S0), 
depending on the nature of the excited state, and thus on its average lifetime. The 
energy of the emission is typically lower than that of absorption, thus fluorescence 
usually occurs at longer wavelengths (downconversion). Nevertheless, also the 
opposite mechanism is possible (upconversion).  
The table below4 summarizes basic radiative and non-radiative processes represented 
in the Jablonski diagram, with relative time scales: 
 

 

Transition Time scale (s) Process type 

Absorption 10-15 R 
Internal Conversion 10-14-10-11 NR 
Vibrational Relaxation 10-14-10-11 NR 
Fluorescence 10-9-10-7 R 
Intersystem Crossing 10-8-10-3 NR 
Phosphorescence 10-4-10-1 R 

 

Table 1: time scales for various basic radiative (R) and non-radiative (NR) 
processes4. 
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Quantum yield and fluorescence lifetime are probably the most important 
characteristics of fluorescent species5. The quantum yield is expressed as the ratio 
between emitted and absorbed photons, with a maximum value of 1, representing the 
efficiency of the conversion of absorbed light into emitted light6. According to Eq. 1 
the quantum yield can be described by two constants: kr, the radiative rate constant, 
and knr, the non-radiative rate constant comprising all possible non-radiative pathways 
(i.e. internal conversion, intersystem crossing and other quenching mechanisms)7: 
 

𝛷 =  
𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
 =  

𝑘

𝑘 + 𝛴 𝑘
                                              (1) 

 

The radiative lifetime of a fluorophore in absence of non-radiative processes is termed 
as intrinsic lifetime and is given by: 
 

𝜏 =  
1

𝑘
                                                                                   (2) 

 

The average time a molecule spends in the singlet excited sate, before fluorescence 
emission, is denoted as fluorescence lifetime and is expressed by the following 
equation: 
 

𝜏 =  
1

𝑘 + 𝛴 𝑘
                                                                   (3) 

  

The fluorescence quantum yield can thus be expressed in terms of luminescence 
lifetime as the probability of emitting, as follows: 
 

𝛷 =  
𝑘

𝑘 + 𝛴 𝑘
=

𝜏

𝜏
                                                         (4) 

 

However, many non-radiative processes can compete efficiently with the emission of 
photons and thus reducing the fluorescence quantum yield. 

 
2.1.3 Quenching of emission  
In luminescence spectroscopy, quenching processes lead to the reduction in the 
emission intensity.  Two types of mechanisms are possible: dynamic, if dependent on 
the speed of quencher diffusion towards the fluorophore, or static, if independent on 
the diffusive processes. 

► Dynamic, or collisional, quenching occurs when the fluorophore is deactivated 
upon collision of an excited luminophore (L*) with a quencher (Q) molecule. 
The fluorophore transfers its energy to the quencher and returns to the ground 
state without emitting photons. 

► Static quenching occurs upon the formation of complexes between 
fluorophores at the ground state (L) and quenchers (Q), thus not relying on 
diffusion or molecular collisions. The resulting ground-state complexes (L-Q) 
are not luminescent, thus the fluorescence quantum yield decreases because of 
the reduced concentration of free luminophore upon its complexation. 
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Quenching can also occur by a variety of other non-radiative mechanisms, such as the 
concentration quenching, if light is reabsorbed by the fluorophore itself or other 
absorbing species especially when the dopant concentration is high; multi-phonon 
relaxation, when surrounding ions vibrate at high frequencies, causing the dissipation 
of energy by non-radiative processes; thermal quenching, when the system relaxes 
non-radiatively through vibrational levels because of high temperature; or cross 
relaxation mechanisms related to migrations of the luminescent ions up to defects or 
impurities that cause non-radiative relaxation8. 

 
2.2 Lanthanides  
Luminescence in solids can be distinguished in intrinsic or extrinsic luminescence, 
based on the spatial location where the emission phenomena rise from. Electronic 
transitions generated from the host material (such as electron-hole recombinations) 
give rise to intrinsic luminescence, on the other hand electronic transitions arising from 
impurities introduced into the host generate extrinsic luminescence. Impurities are 
intentionally created by doping the host material and are termed sensitizers (or donors) 
if they absorb the excitation radiation and activators (or acceptors) if they receive 
energy from the sensitizers, and consequently reemit light9. Different types of 
localized luminescent centres are possible, each with specific electronic transitions. 
Among them are F centres, Tl+ type ions, transition metal ions, lanthanide ions 
(divalent or trivalent) and actinide ions. The effect of the host material on the emission 
properties of active centres depends on the nature of the localized centres and on their 
distinctive type of electronic transition. For example, f-f lanthanide transitions, unlike 
f-d transitions, are weakly affected by the surrounding matrix, thanks to the 
configuration of the orbitals involved. This property enriches trivalent lanthanide ions 
(Ln3+) with unique and fascinating luminescent properties10.  
The lanthanide series of chemical elements comprises 15 elements, with atomic 
numbers 57 to 71, from Lanthanum through Lutetium. The ground state electronic 
configuration of Ln3+ ions is [Xe]4fn (n=0-14), and its distance in energy from the 
[Xe]4f n-1 5d1 configuration is fairly enough (ΔE ~ 32000 cm-1)11. 
The fluorescence from lanthanide ions results from 4f-4f intraconfigurational 
transitions, but also from 4f n ground state to 4f n-15d1 excited state in some lanthanide 
ions. Laporte’s parity selection rule, which states that electronic transitions between 
energy levels with the same parity cannot occur12, implies that this type of transitions 
is forbidden. However, Ln3+ ions perturbations, such as electron vibration coupling 
and uneven crystal filed, can lead to the relaxation of the parity selection rule, and 
some f –f transitions become partially allowed as magnetic dipole transitions13. 
4f orbitals are shielded by higher filled 5s and 5p sub-shells, therefore they are not 
involved in the chemical bonding between lanthanide ions and the embedding matrix. 
This characteristic property of 4f orbitals and the limited influence of the matrix, result 
in intrinsic spectroscopic properties, such as low emission rates because of small 
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extinction coefficients5, sharp-line spectra resembling those of free ions13, and long 
lifetimes of excited states10.  
The shielding effect and the consequent small interference from the chemical 
surroundings allow to build the diagram of 4fn energy levels depicted in Fig.5, 
irrespectively of the embedding matrix.  
It is evident that larger energy gaps lead to less non-radiative processes. Because of 
the absence of intermediate states, the emission from Gd3+ is located at a shorter 
wavelength in the ultraviolet region, limiting its application as a luminescent center. 
On the contrary, energy gaps of Sm3+, Eu3+, Tb3+, Dy3+ and Ho3+ give stronger 
emissions in the visible region, while smaller energy gaps of Nd3+, Er3+ and Tm3+ give 
rise to infrared emissions10. Thus, the emission spectra of lanthanides cover the entire 
UV-VIS spectrum. 
 

 
 

Fig.5 Energy diagram for Ln3+ ions in a LaCl3 lattice14. 
 
The outer 5d orbitals are more extended than 4f orbitals and thus are not shielded. 
Consequently, f-d allowed transitions are more sensitive to the host matrix, resulting 
in broad spectral bands and strong absorption cross-sections. 
The energy levels of 4fn configurations are identified by the spectroscopic notation 
2S+1LJ, where L and S are the quantum numbers related to the total orbital angular 
momentum and the total spin angular momentum, respectively, while J is associate 

with the total angular momentum defined as 𝐽 = 𝐿 + 𝑆, with values comprised 
between |𝐿 − 𝑆| = 𝐽 =  |𝐿 + 𝑆|. 
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Fig.6 Schematic representation of the electronic absorption transitions of a 
lanthanide ion, displaying 4f-4f, 4f-5d and charge-transfer state transitions10.  

 
As represented in Fig. 7, the substitution of lanthanide ions in a crystalline matrix, 
removes the degeneracy of the free-ion levels because of coulombic, spin-orbit and 
crystal field interactions. Coulombic, or electrostatic, interactions are due to the 
repulsion between 4f electrons of lanthanide ions and result in the splitting of the free 
ions levels into the 2S+1L levels. Typical separation due to coulombic interactions is 
about ≥104 cm-1. Spin-orbit interactions cause the splitting of each 2S+1L level into 
(2J+1) states termed as 2S+1LJ, with a separation of about 103 cm-1. Finally, the 
interaction with the crystal field breaks the spherical symmetry of the Hamiltonian 
wavefunction, resulting in the Stark splitting of the 2S+1LJ levels into (2J+1) terms, if 
the number of 4f electrons are even, or (J+1/2) terms if the number of 4f electrons is 
odd. Stark splitting is typically 102 cm-1. In lanthanide ions, unlike in transition metal 
ions, the crystal field splitting is smaller than the spin-orbit separation because of the 
shielded character of 4f electrons15. 
 

 
 

Fig.7 Schematic splitting of energy levels of 4f electronic configuration of 
lanthanide ions. 

 
Typical examples of luminescence spectra of Ln3+, that are commonly used as dopants 
for imaging purposes, are given in Fig.8. Depending on the surrounding environment 
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of the ions, the shape (i.e. intensity, width and crystal-field splitting) of the peaks may 
differ, however the energy of the transitions remains almost unchanged. 
 

 
 

Fig.8 Typical examples of Ln3+ spectra from (a) microcrystalline NaYF4:Yb/Er 
(λex=980 nm) and from microcrystalline [Ln(hfa)3(4-cyanopyridine-N-oxide)2] for 
Ln = (b) Tm, (c) Ho and (d) Nd respectively (under ligand excitation λex=320-340 

nm)11.   

 
2.3 Energy Transfer (ET) 
The energy transfer mechanism (ET) is an electronic excitation process in which the 
energy acquired by an excited ion (the donor, or sensitizer, D) is transferred during its 
fluorescence lifetime to neighbouring ions (the acceptor, or activator, A). As a result, 
the donor returns to the ground state, while the acceptor is promoted to an excited state. 
If the acceptor is itself luminescent, it can emit resulting in sensitized emission (excited 
by the donor). Two types of mechanisms can take place: 

► Radiative ET: the excited donor emits a photon, that is subsequently absorbed 
by the groundstate acceptor: D* → D + hυ → hυ + A → A* 
This process is important if the acceptor absorbs at the emission wavelength of 
the donor. No interaction between the two species is required. 
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► Non-radiative ET: the excited donor transfers energy to the ground-state 
acceptor via a non-radiative process: D* + A → D + A*. Two major processes 
are responsible for non-radiative ET: Förster resonance and Dexter exchange 
mechanisms. 
Förster resonance energy transfer (FRET) (Fig.9) involves the electrostatic 
interaction between the two species D and A. It does not require contact (donor-
acceptor distances may be as long as 50-100 Å), however for an efficient 
energy transfer, the energies of the two transitions D*→D and A→A* must be 
very similar. When small energy differences exist, the presence of phonons 
may facilitate the process (phonon-assisted ET), even if too high phonon 
energies promote non-radiative de-excitation instead of ET.  
In order to define the strength of ET for a donor-acceptor couple, Förster 
introduced the parameter R0, namely the critical radius, that represents the 
separation between the two species D-A at which the probability of ET and that 
of radiative emission from the donor are equal.  
The energy probability in the case of dipole-dipole (dd) transitions can be 
written as: 

 

𝑊 (𝑅) =  
1

 𝜏

𝑅

𝑅
                                                 (5) 

 

where 𝜏D is the radiative lifetime of the donor and R is the separation between 
D and A. 
 

 
 

Fig.9 Förster resonance mechanism11. 

   
Dexter then extended Förster’s dipole-dipole mechanism to other types of 
interactions, such as dipole-quadrupole, quadrupole-quadrupole and electric 
dipole-magnetic dipole, each with a specific distance dependence. The Dexter 
Exchange Mechanism requires a direct contact between donor ad acceptor 
ions/molecules and is more likely to occur if the donor-acceptor distance is 
below 5Å. The donor, after being excited, transfers an electron to the acceptor, 
that relocates an electron back to the donor (Fig. 10). Since this process occurs 
at short distances it is usually connected to quenching phenomena. 
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Since Dexter’s interaction occurs at a shorter distance, other electric multipolar 
interactions, such as dipole-quadrupole (dq) and quadrupole-quadrupole (qq), 
become relevant. The probability of ET was thus generalized as16:  

 

𝑊 (𝑅) =  
1

 𝜏

𝑅

𝑅
                                                 (6) 

 

where s is equal to 6, 8 or 10 for (dd), (dq) and (qq) interactions, respectively.  
 

 
 

           Fig.10 Dexter Exchange Mechanism11. 
 

Both non-radiative ET mechanisms require the spectral overlap between the 
donor emission and the acceptor absorbance spectra (Fig. 11) as showed in the 
following equation for the energy transfer rate: 
 

𝑘 =  𝑓 (𝑟 ) 𝐼  𝑑�̅�                                                 (7) 
 

where ID represents the donor emission, A the acceptor absorption, the integral 
represents the spectral overlap and the factor f(rD-A) is a function of the distance 
between the centres of the two species.  
 

 
 

Fig.11 Emission and absorption of the donor and acceptor in ET. 
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Some energy transfer mechanisms may be detrimental to fluorescence quantum yield, 
such as the non-radiative processes described above, however many other radiative 
mechanisms can occur between ions, leading to phenomena such as downconversion 
(DC) and upconversion (UC) luminescence (Fig.12), depending on the relationship 
between absorption and emission wavelengths of the transitions involved in the 
process. Both are nonlinear optical processes, however DC consists in the quantum 
cutting (QC) of one photon of higher energy into a couple, or more, photons of lower 
energy (Stokes emission), while UC consists in the sequential absorption of two, or 
more, photons that leads to the emission of light at shorter wavelength (anti-Stokes 
emission). 
 

 
 

Fig.12 Schematic diagram of the (a) downconversion and (b) upconversion 
processes. 

 
2.4 Downconversion  
Various downconversion mechanisms may occur. Visible quantum cutting of a single 
ion with sequential emission of two visible photons (Fig. 12a) is possible, however it 
can become inefficient because of competing processes (IR and UV emissions). Other 
different pathways, involving the energy transfer between two types of ions (I and II), 
can occur, such as cross-relaxation (Fig. 13a) and cooperative energy transfer (Fig. 
13b). During cross-relaxations, part of the excitation energy is transferred to an 
acceptor ion. If the donor, that is in an intermediate state, and the acceptor both emit, 
a 1-to-2 photon conversion process occurs. In the case of cooperative ET, the 
excitation energy is simultaneously transferred to two nearby acceptors, resulting in 
two emitted photons for every one that is absorbed. Thus, both mechanisms give a 
quantum efficiency of 200%.  
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Fig.13 Schematic diagram of the (a) cross-relaxation and (b) cooperative energy 
transfer processes. 

 
2.5 Upconversion  
Upconversion (UC) is a nonlinear multiphoton optical process that consists in the 
sequential absorption of two or more photons that are then re-emitted as anti-Stokes 
radiations, with shorter wavelength and higher energy10,17-19, thus allowing the 
conversion of NIR light to higher energy light such as UV, visible and also less 
energetic than the source NIR20.The indispensable condition is the presence of a 
metastable absorbing state between the ground and the emitting states19. Other less 
efficient anti-Stokes mechanisms, that require the presence of virtual levels, are two-
photon absorption (TPA) and second harmonic generation (SHG), that will not be 
discussed further, with an efficiency 𝜂 of 10-13-10-12 cm2W-1 and 10-11 cm2W-1, 
respectively18. 
Upconversion comes with various advantages respect to direct excitation, among them 
the main are the possibility to adopt commercially available cheap diodes and the 
suitability of NIR light as excitation light, able to generate emission transitions 
spanning from UV to NIR regions20.  
Five main upconversion mechanisms may occur (Fig. 14), either alone or 
simultaneously21: excited state absorption (ESA), energy transfer upconversion 
(ETU), sensitized energy transfer upconversion (sensitized ETU), cooperative 
luminescence upconversion (CLU) and cooperative sensitization upconversion (CSU) 
(see the following simplified energy level diagram). Besides, Photon Avalanche (PA) 
is responsible for the population of the UC emitting levels above a pumping threshold. 

 
2.5.1 Excited State Absorption (ESA) 
Excited state absorption (Fig. 14a) involves a single dopant ion and consists in the 
sequential absorption of two photons, firstly populating an intermediate level, |1⟩, and 

then, if |1⟩ lifetime is long enough, the higher-energy excited state |2⟩, from which UC 
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emission happens, relaxing the ion back to the ground state. The same pump 

wavelength may be used if the energy gap separating the levels is equal, otherwise 

multi-pumping sources will be required18. Moreover, this process requires a source 
with high pumping power, and for this reason is considered to be the least efficient 
among upconversion mechanisms (𝜂 = 10-5 cm2W-1)10. Lanthanide ions with an ESA 
suitable ladder-like energy level structure are for example Er3+, Tm3+, Ho3+ and Nd3+. 

 
2.5.2 Energy Transfer Upconversion (ETU) 
Energy transfer mechanism exists in two forms (Fig. 14 b and c) depending on the 
neighboring dopant ions involved in the process. The dopants can be identical ions, in 
this case both are excited to the intermediate state via GSA and then one of the two 
ions is promoted to a higher energy level via ET, such as in the case of Er3+ ions. As 
an alternative, two types of ions can be involved, one is denoted as the donor, or 
sensitizer, (e.g. Yb3+) the other as the acceptor, or activator, (e.g. Er3+, Ho3+, Tm3+). 
The donor harvests the incident photons, transferring then the energy to the acceptor 
that will emit, and finally relaxes to a lower-energy or ground state. If the intermediate 
levels of the two types of ions are not resonant, the energy transfer process must be 
phonon-assisted. The donor dopant concentration typically ranges from 10 to 50 times 
that of the acceptor concentration. The efficiency of the ETU mechanism is influenced 
by both the choice of the dopant ions, since the cross-section of the acceptor at the 
emission wavelength of the donor plays a critical role, and their relative 
concentration17,19. Generally, it is the most efficient among upconversion mechanisms 
(𝜂 = 10-3-10-1 cm2W-1). 

 
2.5.3 Cooperative Luminescence 
Upconversion (CLU) 
Cooperative luminescence occurs between a pair of ions and a third, single ion (Fig. 
14 d).  The two ions are excited to an intermediate state, they then transfer their energy 
to a neighboring third ion that emits a single photon of higher energy (i.e. the sum of 
the energies involved) from a virtual level.  This process is observable only with high 
and spatially focused pump intensity22 and is very inefficient (𝜂 = 10-8 cm2W-1). 

 
2.5.4 Cooperative Sensitization 
Upconversion (CSU) 
The cooperative sensitization mechanism is similar to the previously described CLU 
process, however it involves a real emitting state (Fig. 14 e) instead of a virtual one, 
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with consequent higher efficiency (𝜂 = 10-6 cm2W-1) respect to CLU. This mechanism 
has been previously reported for Yb3+-Tm3+ co-doped systems. 
 

 
 

Fig.14 Main UC mechanisms: (a) excited-state absorption ESA, (b) energy 
transfer upconversion ETU, (c) sensitized energy transfer upconversion ETU, (d) 
cooperative luminescence upconversion CLU and (e) cooperative sensitization 

upconversion CSU. 

 
2.5.5 Photon Avalanche (PA) 
Photon avalanche effect occurs only above a certain pumping threshold, when the 
cross-relaxation (CR) probability is higher than the relaxation rate from the up-
converted excited state to the levels located below the metastable intermediate state23. 
It is a looping process based on several energy transfer processes (CR and ESA). 
Fig.15 offers a simplified diagram of two neighboring ions: the intermediate excited 
state |1⟩ of one ion is populated via ground state absorption and then the higher-energy 
level |2⟩ is then populated via excited state absorption. Finally, cross-relaxation energy 
transfer occurs, resulting in both ions excited at the metastable |1⟩ state. The loop 
continues with the energy transfer from one to the other ions in the intermediate state, 
resulting in the relaxation of the first to the ground state |0⟩ and the promotion of the 
second ion to the excited state |2⟩10.  The process is then repeated18, the higher energy 
level is thus populated exponentially, with an avalanche mechanism, leading to high 
UC yields. This process is dependent on the pumping power and shows slow response 
times19, 24.  
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Fig.15 Photon avalanche looping mechanism. 

 
2.6 Typical systems activated by donor-
acceptor ion pairs 
Two major parameters affect the UC efficiency: the distance among the neighbouring 
dopant ions and their absorption cross-section σA

18
. 

Single doped nanoparticles have relatively low UC efficiencies and the resultant 
attempts to increase the dopant content are limited by the concentration quenching 
effect.  The strategy based on co-doping with a sensitizer, having a reasonable 
absorption cross-section in the NIR range, has the beneficial effect of enhancing the 
UC efficiency. Thanks to its absorption cross section of 9.11 x 10-21 cm-2, Yb3+ is 
particularly suitable as sensitizer26. The energy level diagram of Yb3+ is very simple 
and consists only of the 2F7/2 ground state and the 2F5/2 excited level, separated of about 
10000 cm-1. The energy gap between the two levels of Ytterbium is resonant with f–f 
transition of many lanthanide ions, facilitating ETU processes25.  
Typical up-conversion systems are (Yb, Er), (Yb, Tm) and (Yb, Ho), thanks to the 
ladder-like energy level structure and the long-lived excited states of these activators 
25, 27. Usually, the dopants are added in relatively low concentrations to the host lattice 
(≤20%at. Yb3+, ≤2%at. Er3+, 0.2%≤Tm3+≤0.5%at., ≤2%at. Ho3+,). Higher 
concentrations of Yb3+ ions might promote energy back-transfer (EBT) from the 
activators to the sensitizers, depopulating the emitting levels and thus affecting UC 
quantum yield29. 
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2.6.1 Yb Er pair 
Yb3+-Er3+ pair of dopants shows particularly high UC efficiency. This is due to the 
similarity between the energy levels structures of the two ions, namely between the 
energy gap of 4I11/2 and 4I15/2 levels of Er3+ and that of 4F7/2 and 4I11/2 of Yb3+ ions 
(Fig.16). In Yb3+-Er3+ co-doped hosts, the emission colors most commonly observed 
are green (emission band at 520-550 nm) and red (650-660 nm), involving two photon 
processes, plus a weak violet emission at 415 nm, involving a three photon process 
observed at high pumping powers26. 
After 980 nm light irradiation, the efficient energy transfer ET takes place between the 
sensitizer and the activator. This two-photon process is responsible for the 4I15/2→4I11/2 

and 4I11/2→4F7/2 transitions to populate Er3+ excited states. A non-radiative relaxation 
occurs then from 4F7/2 level to 2H11/2 and 4S3/2 emitting levels, which correspond to the 
two green emissions at around 520 and 540 nm. Another pathway leads to the 
population of 4F9/2 emitting level, resulting in the radiative transition to the ground 
state corresponding to the red emission at around 650 nm, and through partial non-
radiative relaxation to the population of 4I9/2 level, resulting in the NIR emission at 
around 800 nm. A three-photon ET process leads to the population of 4G11/2 level, that 
gives the weak violet emission at around 415 nm. 
Different strategies to tune the emission intensities are possible. For example, the 
red/green intensity ratio can be increased by rising the concentration of Yb3+ in the 
host lattice. This leads to the reduction of Yb-Er inter-atomic distance, promoting the 
energy backtransfer (EBT) from Er3+ to Yb3+ and resulting in the reduction of green 
emissions intensity as well as the enhancement of red emission30-32. 
 

 
 

Fig.16 Schematic energy level diagram for Yb3+-Er3+ ion pair, representing 
common two-photons radiative transitions (2H11/2→4I15/2, 4S3/2→4I15/2, 4F9/2→4I15/2, 

4I9/2→4I15/2).  
  



29 
 

2.6.2 Yb Tm pair 
The excitation pathway in Yb3+-Tm3+ pair is more complex, as it is a multi-photon 
process, involving up to five photons. After the excitation with a 980 nm light, energy 
is transferred from Yb3+ 2F5/2 excited level to Tm3+ ions in a series of subsequent steps 
(1 to 5 photons absorbed) bringing Tm3+ to ascending excited levels: 3H6→3H5, 
3F4→3F2, 3H4→1G4, 1G4→1D2, 1D2→3P2

33. 
From Fig. 17 the different multi-photon transitions can be assigned to various emission 
processes:  
► emissions at 695 and 800 nm are two-photon processes corresponding to the 

3F2→3H6 and 3H4→3H6 transitions, respectively; 
► emissions at 475 and 650 nm are three-photon processes due to the 1G4→3H6 and 

1G4→3F4 transitions; 
► emissions at 360 and 450 nm are four-photon processes respectively attributed to 

the 1D2→3H6 and 1D2→3F4 transitions 
► emissions at 290 and 345 nm (not shown in the picture) are five photon processes 

corresponding to the 1I6→3F4 and 1D2→3H6 transitions, respectively26. 
The emission at 800 nm is the most intense, making Tm3+ doped hosts excellent 
candidates as NIR to NIR imaging probes34. UV emissions are also important for a 
variety of applications, however practical applications are restricted because of the 
weak emission intensities35. 
 

 
 

Fig.17 Schematic energy level diagram for Yb3+-Tm3+ ion pair, representing 
common two- (3H4→3H6), three- (1G4→3H6 and 1G4→3F4) and four-photons 

(1D2→3F4) UC processes. 
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2.6.3 Yb Ho pair 
After 980 nm light irradiation, an energy transfer ET process takes place between the 
sensitizer and the activator (Fig.18). This two-photon process is responsible for the 
5I8→5I6 and 5I6→4F4(5S2) transitions to populate Ho3+ excited states. The radiative 
transitions 4F4(5S2)→5I8 and 4F4(5S2)→5I7 are responsible for the green and NIR 
emissions at about 540 and 760 nm, respectively. 
Another two-photon pathway (by means of 5I8→5I6 and 5I7→5F5 transitions) leads to 
the population of 5F5 emitting level, resulting in the radiative transition to the ground 
state corresponding to the red emission at around 650 nm36-37. 
 

 
 

Fig.18 Schematic energy level diagram for Yb3+-Ho3+ ion pair, representing 
common two-photons radiative transitions (4F4(5S2) → 5I8 and 4F4(5S2) →5I7 and 

5F5 → 5I8). 
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2.7 Nd3+ luminescence 
After 590 nm light irradiation a one-photon process is responsible for the 4I9/2→4F5/2 

transition to populate Nd3+ excited state (Fig.19). The radiative transition from 
4F5/2→4I9/2 corresponds to the NIR emission at 810 nm. A non-radiative relaxation can 
also occur from 4F5/2 to 4F3/2 level. The radiative transition from 4F3/2 to 4I9/2, 

4I11/2 and 
4I13/2   are responsible for the NIR emissions at about 950, 1050 and 1350 nm, 
respectively. In the case of Nd3+ also an upconversion process is possible, associated 
to ESA from 4F3/2 to 2D5/2 level with the absorption of a second photon. A non-radiative 
relaxation leads to the 4G7/2→4I11/2, 

4G7/2→4I13/2 and 4G5/2→4I11/2 transitions, 
corresponding to VIS emissions at about 585, 660 and 680 nm, respectively. 
 

 
 

Fig.19 Schematic energy level diagram for Nd3+-doped systems, representing 
radiative transitions (4F3/2→4I13/2, 

4F3/2→4I11/2, 
4F3/2→4I9/2, 

4F5/2→4I9/2, 4G5/2→4I11/2, 
4G7/2→4I13/2 and 4G7/2→4I11/2). 
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CHAPTER 3 

 

 

 

Temperature sensing 
 

Temperature sensing is crucial in many fields, ranging from industrial manufacturing 
and automotive, heating and cooling devices, food storage, scientific research, defense 
and aerospace, to even biomedicine1. Thermometers are commonly distinguished 
between primary or secondary, where primary ones are self-calibrating and based on 
equations that directly relate measured values to absolute temperature; on the other 
hand, secondary thermometers do need to be calibrated and provide only temperature 
changes, acting as sensors2.  
In the last decade, the research on non-invasive thermometry techniques, featured with 
a high spatial resolution (defined as the minimum distance required to sense a 
temperature change greater than the sensitivity of the thermometer2) at the micrometric 
and nanometric scale, faced an escalating trend. Fields that were requiring submicron 
spatial resolution, becoming the driving force to technological innovation, were, 
among the others, microfluidics3-10, photonics, microelectronics11-21, micro-optics and 
nanomedicine, especially for what concerns intracellular temperature fluctuations22-38. 

 
3.1 Thermometry at the nanoscale 
The methods to determine the temperature of a system may be classified as contact or 
non-contact. The more common contact temperature sensors have a major drawback, 
being unable to work at submicron scale, thus being inappropriate to measure small 
systems, at scales below 10 μm, or in fast moving objects2.   
The first attempt consisted in a miniaturization approach, trying to reduce the 
geometrical size of conventional contact-thermometers39-40. Examples encompass 
among the others: liquid-filled nanotubes, based on thermal expansion of liquids41-42, 
co-doped sub-micrometric crystals, based on fluorescence thermal quenching12, 
nanoscale thermocouples, based on point contact junctions43-45 and cantilever probes 
for scanning thermal microscopy46; some of them managing to improve the spatial and 
temperature resolutions down to about 50 nm and 1 mK, but still not suitable for real 
time temperature mapping. Moreover, surface techniques allow to obtain only 2D 
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thermal images and as a further disadvantage, contact measurements imply conductive 
heat transfer, therefore causing a disturbing connection between the sensor and the 
sample, especially when working with small objects47. These limitations lead to the 
development of non-contact nanothermometers: luminescent temperature sensors are 
the most promising among non-invasive spectroscopic methods. 
The determination of the temperature of the system generally relies on the changes of 
the passive optical properties of the probe and a great variety of techniques are 
available, based either on Raman spectroscopy (variation in the vibration modes), IR 
thermography (change in the emissivity at a specific spectral range), optical 
interferometry (change in the optical path length of a transparent system), 
thermoreflectance (variation in polarization and intensity of reflected light), or 
luminescence (change in the properties of emitted photons)48-49.  
It is important to state that a universal thermal sensor cannot exist. Rarely a system 
fulfills all the conditions for an ideal thermometer, that are stability, accuracy and 
reproducibility2, 42. Moreover, heterogeneous applications call for different properties. 
For example, biological applications require water-soluble, non-toxic and stable under 
light irradiation probes with great thermal sensitivity, whereas in opto-fluidics physical 
and chemical stable sensors are preferred due to high laser intensities within micro-
channels48. 
Table 1 provides a summary of popular methods for high-resolution thermal 
techniques, including advantages and disadvantages2, 50-51. 
 

Method Principle Resolution Advantages Disadvantages 
  δx 

(μm) 
δT 
(K) 

δt 
(μs) 

  

Infrared 
thermography 

Plank 
blackbody 
emission 

10 101 10 - Temperature 
profile of the 
surface 

- Commercial 
technique 

- Detector 
saturation at 
high T 

- Ryleigh limited 
δx 

Thermoreflectance Tempera-
ture 
dependence 
of the 
reflection 

10-1 10-2 10-1 - High δT and 
δt 

- Quantitative/ 
- qualitative 

- Requires 
calibration of 
RI 

- δx limited by 
diffraction limit  

Raman Inelastic 
scattering 
of light 

1 10-1 106 - Works in 
liquids and 
solids, even 
with small 
volumes  

- Time-
consuming 
technique 

- Low signal and 
crosstalk with 
fluorescent 
species 

Optical 
interferometry  

Thermal 
expansion 
or RI 
change 

1 10-5 10-3 - All optical 
temperature 
determination 

- Integrated in 
remote 
systems 

- Crosstalk with 
other stimulus 

- Low δx in the 
transverse 
direction 
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Fluorescence 
thermography 

Tempera-
ture 
dependence 
of spectral 
parameters 

10-1 10-2 10 - High 
temperature 
sensitivity 

- Various 
techniques 
available 

- Independent 
of illumination 
source 

- Intensity and 
lifetime limited 
by 
photobleaching 

- Expensive 
excitation 
sources and 
detectors for 
lifetimes 

Near-field scanning 
optical microscopy 

Near-field 
to improve 
optical 
resolution 

10-2 10-1 10 - Spatial 
resolution 
below the 
Rayleigh limit  

- Dependent on 
surface 
characteristics 

- Measures only 
surface 
temperature 

- Vacuum and/or 
cryogenic 
temperatures 
required 

Liquid crystal 
thermography 

Crystal 
phase 
transitions 

10 10-1 102 - Various 
materials 
depending on 
temperature 
range 

- Semi-
quantitative if 
not carefully 
calibrated 

- Not compatible 
with liquid 
systems 

Scanning thermal 
microscopy 

AFM with 
thermo-
couple 

10-1 10-1 102 - AFM tips 
measure 
simultaneousl
y temperature 
and surface 
roughness 

- Sub-
micrometric 
δx 

- Time-
consuming 

- Suitable only 
for solid 
samples 

- Tip-sample heat 
transfer 

Transmission 
electron 
microscopy 

Thermal 
expansion 

102 10 10 - High δx 
- Compatible 

with various 
carbon NTs 

- Requires 
vacuum 

- Uncomfortable 
for practical 
applications 

- Requires image 
analysis 

Micro-
thermocouple 

Seebeck 
effect 

102 10-1 10 - High δx 
- Precise T 

calibration 

- Thermometer 
separated from 
the active 
region of the 
device, limiting 
the access 

 

 

Table 1 Summary of common high-resolution thermal techniques, including typical 
spatial (δx), temperature (δT) and time (δt) resolutions, and advantages and 

disadvantages of each method. Non-contact thermometric methods are underlined. 
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3.2 Contact-less optical thermometry 
For what concerns luminescence nanothermometry, often referred to as fluorescence 
thermography or thermographic phosphor thermometry2, various methods can be 
distinguished52 as time-integrated, if the luminescence is photoexcited continuously, 
or time-resolved, in the case of a pulsed excitation source53-54. Different methods are 
based on the thermal reading of various parameters (see Fig.1): 
 

► intensity, if thermal sensing is based on the luminescence intensity, 
which can become less or more intense due to thermal induced quenching 
and/or increasing probabilities in the non-radiative decay; 

► band-shape, which change usually happens when the electronic levels 
involved in the emission are so close in energy that they are thermally 
coupled;  

► spectral position, because the position of the emission lines is expected 
to be temperature dependent and varies with the energy separation 
between the emitter levels; 

► polarization, in anisotropic media, where the intensity and shape of peaks 
are dependent on the non-isotropic polarization of the emitted radiation; 

► bandwidth, because increasing temperatures correspond to a major 
density of phonons, that cause line broadening, thus establishing a linear 
relationship between temperature and bandwidth; 

► lifetime, since the total decay probability from electronic levels is defined 
as the inverse of the luminescence lifetime. Many temperature-related 
factors affect the decay probability of the emitted intensity, such as 
phonon-assisted ET and multi-phonon decays48. 
 

It is evident that, speaking of luminescence nanothermometry, many options are 
available for thermal reading of emission spectra. Clearly, remarkable variations in 
luminescence parameters within small temperature changes will transduce in major 
temperature sensitivities, while spatial resolution is primarily influenced by the spatial 
dimension of the luminescent probe. 
The advantage in lifetime-based methods is the independence of this parameter from 
light scattering or reflection, intensity fluctuations of the source and inhomogeneous 
distribution of the phosphor. However, its determination may be time-consuming, 
requiring a fitting procedure of decay curves, especially in case of complicated 
distributions of emitting centers with strong interactions. It may also demand for 
sophisticated and expensive equipment. 
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Fig. 1 Schematic representation of possible temperature-related effects on the 
luminescence. Red lines correspond to higher temperatures, blue lines to lower 

ones48. 

 

3.2.1 Fluorescence Intensity Ratio (FIR): 
method and thermometric performance 
The fluorescence intensity ratio (FIR) technique (often referred to as two-color 
response), namely the intensity ratio between two closely spaced emitting levels (or 
two Stark components of an excited state) I1 and I2 of the same phosphor, that are 

thermally coupled55 (200 cm−1≤ΔE≤2000 cm−1 56) has the advantage of containing all 

the information needed to infer the absolute temperature, following the given equation2 
(eq. 1):  
 

𝛥 =
𝐼

𝐼
=  

𝑔 𝐴 ℎ𝜐

𝑔 𝐴 ℎ𝜐
 𝑒𝑥𝑝 − 

𝛥𝐸

𝑘 𝑇
=  𝐵 𝑥 𝑒𝑥𝑝 − 

𝛥𝐸

𝑘 𝑇
                      (1) 

 

where I1 and I2 are the integrated intensities of the two emission peaks, g is the 
degeneracy of the state, A is the spontaneous emission rate, h is the Planck constant, υ 
is the frequency, k is the Boltzmann constant, ΔE is the energy gap between the levels 
and T is temperature. 
In this case the temperature scale is based exclusively upon the validity of the 
Boltzmann distribution of electrons in given excited states at a temperature T, which 



40 
 

electronic populations translate proportionally to the intensities of each transition57. 
The well-known disadvantages of the methods based on the intensity of a single 
transition, such as dependence on variations of the sensor concentration, small material 
inhomogeneities, and optoelectronic drifts of the excitation source and detectors, are 
easily overwhelmed by ratiometric, self-referencing FIR measurements, that use two 
transitions, one of them as an internal standard to calibrate the response of the 
luminescent probe2. These systems are usually characterized by high-detection relative 
thermal sensitivity (>1% K-1) and spatial resolution (<10 mm) in short acquisition 
times (<1 ms), even in biological fluids, strong electromagnetic fields, and fast-moving 
objects48, 58 Ratiometric techniques require a simple UV excitation lamp and two 
photodetector diodes, each set to detect the dopant emission. 
The performance, namely how efficiently the emission intensity is converted into 
temperature, of luminescent thermometers based on FIR, can be judged from the 
figures of merit that usually allow to compare different thermometers irrespective of 
their nature. The most frequently reported are: relative thermal sensitivity, temperature 
uncertainty and repeatability57 (i.e. test-retest reliability). These parameters are 
computed starting from the thermometric parameter Δ=I1/I2 (eq.1), that allows the 
conversion of integrated intensity into temperature.  
The relative sensitivity Sr represents the relative change of Δ per degree of temperature 
change. It is always positive Sr >0 and its maximum value is denoted as Sm

57
. The 

relative sensitivity is defined as follows (eq. 2): 
 

𝑆 =  
1

𝛥
 

𝜕𝛥

𝜕𝑇
                                                                  (2) 

 

Respect to absolute sensitivity (eq. 3), that depends on experimental setup and sample 
characteristics such as absorption and lifetime, Sr has the advantage of being an 
independent parameter, despite the nature (i.e. optical, electrical, mechanical) of the 
thermometer57. This permits the quantitative comparison between different probes. 
 

𝑆    =    
𝜕𝛥

𝜕𝑇
                                                                  (3) 

 

The temperature uncertainty δT represents the smallest change of temperature that can 
be detected, depends only on the changes in Δ, and is defined by the following Taylor’s 
series expansion of the temperature variation (eq. 4): 
 

𝛿𝑇 =
𝜕𝑇

𝜕𝛥
 𝛿𝛥 +

1

2!
 
𝜕 𝑇

𝜕𝛥
 (𝛿𝛥) + ⋯ +  

1

𝑛!
 
𝜕 𝑇

𝜕𝛥
 (𝛿𝛥)                          (4) 

 

where δΔ represents the uncertainty in the determination of Δ. Since the expansion is 
dominated by the first term, equation (4) can be simplified as follows (eq. 5): 
 

𝛿𝑇 =  
1

𝑆
 
𝛿𝛥

𝛥
                                                                 (5) 

 

It is then clear how the temperature uncertainty is dependent only on the thermometric 
performance, expressed as relative sensitivity Sr, and experimental setup, that affects 
δΔ/Δ57. Typical detection systems have δΔ/Δ of about 0.1%, that for sensitivities in 
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the range 1-10%K-1, means a temperature uncertainty in the range of 0.01 – 0.1 K. 
Advanced detectors such as charge-coupled devices (CCDs) and photomultiplier tubes 
(PMTs) may reach δΔ/Δ values of 0.03%, and consequently a temperature resolution 
<0.003 K, several orders of magnitude lower than that of conventional contact 
thermometric systems57. 
δT values can be experimentally computed from temperature readout, in fact the 
relative uncertainty on Δ can be inferred from the integrated area of the transitions 
(δI/I). In this case δΔ/Δ, that is directly linked to the error propagation deriving from 
the determination of the emission integrated areas59, is computed as follows (eq. 6): 
 

 
𝛿𝛥

𝛥
=

𝛿𝐼

𝐼
+  

𝛿𝐼

𝐼
                                                    (6) 

 

For each transition: 
 

𝛿𝐼

𝐼
=  

𝛿

〈𝐼〉
                                                            (7)  

 

where 𝛿  is the uncertainty determined by the readout fluctuations of the baseline and 
〈𝐼〉 is the average intensity given by59: 
 

〈𝐼〉 =  
∫ 𝐼(𝐸) 𝑑𝐸

𝐸 − 𝐸
                                                   (8) 

 

evaluated, for each transition, over the whole spectral region (𝐸 ≤ 𝐸 ≤ 𝐸 ). 

By substituting the estimated value of Sr and  in eq. 5, the quantification of the 

temperature uncertainty 𝛿𝑇 is achieved. 
Repeatability (or test–retest reliability) and reproducibility are imperative parameters 
for the assessment of the precision of a thermometric system. They refer to the 
variation that occur when repeating the measurement under identical conditions (due 
to errors in the measurement process itself60) or in reproducing the same results under 
modified experimental conditions61, (e.g. different detector, measurement method or 
session etc.), respectively59. 
As stated by the British Standards Institution, a reasonable repeatability factor can be 
obtained if the deviation of the average measured temperature is lower than 2x the 
standard deviation of the data (quantified as δT) (Fig.2).  
This ensures that 95% of the measurements are less than two standard deviations away 
from the mean value of temperature. Typically, the repeatability is estimated by 
cycling few times the temperature in a given interval, and then computed using the 
expression (eq. 9): 
 

𝑅 =  1 −
𝑚𝑎𝑥(|𝛥 − 𝛥 |)

𝛥
                                                     (9) 

 

where Δc is the mean thermometric parameter and Δi is the value of the thermometric 
parameter for each measurement cycle. 
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Fig.2 Bell curve for normal distribution. Two standard deviations from the mean 
include 95.45% of the results. In this case, if the difference with the mean 

temperature is lower than 2 δT, the value itself is considered as a repetition of the 
mean value57. 

 
3.2.2 Nano-sized phosphors for optical 
thermometry 
Conventional phosphor consist of semiconductor materials, tipically with grain sizes 
of microns62. The grain size influences spatial resolution δx, by scattering both the 
excitation and emitted light. For example, a 10 μm grain will scatter one billion times 
more light than a 10 nm nanoparticle, since,  according to Rayleigh’s approximation, 
the intensity of scattered light from isotropic particles is equal to the particle diameter 
to the sixt power63. Consequently, scattering of light in nanoparticles is markedly less 
pronounced if compared to traditional micrometer-sized phosphors. For this reason, 
lanthanide-doped NPs and NCs are very attactive probes for ratiometric temperature 
sensing, allowing high-resolution thermal mapping, either in the liquid or solid 
phase62,64. Luminescent nanoparticles can have high quantum efficiencies, implying 
more sensitive temperature sensors. In addition, nanoparticles are less susceptible to 
photobleaching, respect to other lanthanide hosts, and being small can be easily 
injected into cells and can be conjugated to biomolecules (such as antibodies)63 for 
targeted delivery. Another attractive characteristic of upconverting Ln3+-doped 
nanoparticles is that they can be typically excited using low power and commercially 
available inexpensive NIR lasers, with wavelengths in the first biological window, 
where penetration of light is high (700-1000 nm). Moreover, NIR light does not 
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produce background autofluorescence, meaning a better signal-to-noise ratio of the 
detected signal39. Summarizing, upconverting nanoparticles (UCNPs) enable 
ratiometric temperature sensing with high spatial resolution and with zero background 
arising from NIR photoexcitation65. However, despite promising properties, some 
challenges remain, such as: improvement of quantum yields, better control of particle 
size (in particular in the case of oxides), optimization of ratio and relative 
concentrations of dopants, optimization of the host material, improvement of 
temperature resolution and sensitivity2,65. Even though continuous growth, promising 
progresses and large amount of work have been carried out in the last 10 years, the 
research on this topic is considered in an early stage. In the near future, innovation and 
improvements in the design of ratiometric thermometric systems will lead to 
progresses in the nanothermometry field, that are difficult to foresee, but will 
undoubtedly turn nano-thermometers prototypes in commercial reality. 
Composition, size, and the crystallinity of the host, and on type and concentration of 
activators and sensitizers influence the thermometric performance of UCNPs. 
Moreover, matrices should have low lattice phonon energies in order to minimize 
nonradiative loss57,66-69. Generally, UCNPs consist of Ln3+ ions embedded in 
crystalline matrices such as fluorides, oxides, phosphates or sulphides66,70. Many 
lanthanides show luminescence from multiple excited states, for this reason are 
promising candidates for temperature sensing71. 
Dual-emitting phosphors have resolvable emission intensities from two different 
emitting levels, thus the temperature readout is based on relative intensities instead of 
absolute ones71, reducing the effect of disturbing factors, such as probe concentration, 
detector efficiency, fluctuations in the emission intensity, or other local 
inhomogeneities that can affect absolute PL intensities. Fig.3 depicts three different 
strategies for dual emission PL, depending on the electronic structures of the 
luminophores involved. In the first case (a) the luminescent centers act as independent, 
each with its PL temperature dependence. In the second case (b) the two emitters are 
electronically coupled, so that energy transfer (ET) occurs from the Donor (sensitizer) 
to the Acceptor (activator) species. If the ET mechanism is simultaneous with Donor 
luminescence, emission from both the centers is observed. In the third scenario (c) the 
electronic population of two emitting levels are in thermal equilibrium, thus 
temperature influences population distributions and therefore emission intensities 
from the two luminescent excited states. In this case the populations of the two 
luminescent states can rapidly interconvert because the energy gap between them is 
small enough to be easily bridged by the available free thermal energy71. This is the 
ideal case for the application of the FIR method. 
In the case of UCNPs, Yb3+ is usually added as sensitizer, because of its larger 
absorption cross section. It absorbs 980 nm IR light, transferring the energy to the 
activator through a double- or triple-photon mechanism. Common activators are 
characterized by a ladder-like energy level structure. The ratio of activators 
incorporated in the host matrix is typically lower than 2%at., in order to minimize 
cross-relaxation energy losses57.   Table 3 summarizes thermally coupled energy levels 
of different trivalent lanthanide ions usually investigated with the FIR method52. 
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Fig. 3 Schematic 
representation of 

three different 
electronic structures 

leading to dual 
emission. (a) Two 

independent 
luminescent probes, 
(b) Two luminescent 
centers interacting 

through ET 
mechanism. (c) Two 
thermally coupled 

luminescent excited 
states71. 

 
 

 

Ln3+ ion Coupled Excited 
levels 

Emission 
color 

ΔE (cm-1) Relative 
Sensitivity Sr at 
300 K (%K-1) High Low 

Er3+ 2H11/2 
4S3/2 green/red 800 1.25 

Tm3+ 3F2,3 3H4 red/NIR 1700 2.72 

Tm3+ 1G4 3F2,3 blue/red 6000 9.6 

Tm3+ 3H4(a)
 3H4(b)

 NIR 150 0.2 

Tm3+ 1G4(a) 1G4(b) blue 100 0.16 

Nd3+ 4F5/2 4F3/2 NIR 1000 1.60 

Nd3+ 4F7/2 4F5/2 red/NIR 800 1.25 

Nd3+ 4F3/2(a) 4F3/2(b) NIR 100 0.16 

Yb3+ 2F5/2(a) 2F5/2(b) NIR 680 1.09 

Ho3+ 5F4 5S2 green 120 0.19 

Pr3+ 3P1 3P0 green or red 580 0.93 

Eu3+ 5D1 5D0 green/red 1750 2.80 

Dy3+ 4I15/2 4F9/2 blue 1000 1.60 

Sm3+ 4F3/2 4G5/2 green/red 1000 1.60 
 

 
 
 

Table 2 List of Ln3+ ions, with respective thermally coupled levels, emission color, 
energy difference (ΔE) and theoretical Relative Sensitivity (Sr) at 300 K, typically 

used for temperature read-out via FIR technique (published by Dramićanin52). 
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The most studied ion pair is Yb3+/Er3+11-12,65,72-78. Yb3+ ions are usually excited by a 
975 nm NIR laser, at which wavelength the absorption cross-section is very large. 
Once excited they transfer energy to adjacent Er3+ ions, thanks to the large overlapping 
between Yb3+ emission and Er3+ absorption79. Er3+ ions will glow in the green 
(2H11/2→4I15/2 and 4S3/2→4I15/2, at 520 and 550 nm respectively) and red (4F9/2→4I15/2, 

660 nm) spectral ranges. The intensity of the bands in the green region, that are 
separated by a very close energy gap of ~800 cm-1, is a function of the electronic 
population of the emitting levels, that is strongly temperature-dependent48,80-86. The 
close vicinity in energy between these two levels, allows the 2H11/2 level to be thermally 
populated by the 4S3/2 level, with increasing temperature87-89. 
Tm3+ upconversion emissions also proved to be appropriate for optical thermometry, 
showing high sensitivity and good accuracy56,90. The ratiometric temperature 
parameter can be based on the energy difference between either (i) 3F2,3 (~700 nm) and 
3H4 (~800 nm) thermally coupled energy levels90, (ii) 1G4 (~480 nm) and 3F2,3 (~700 
nm) thermally coupled energy levels91, (iii) two Stark components of the 1G4 (~480 
nm) multiplet92 or (iv) two Stark components of the 3H4 (~800 nm) multiplet93.  In the 
first case (i) 3H4 states are populated by nonradiative relaxation from 3F2,3 states; 
however, with increasing temperature, the thermal population of 3F2,3 levels occurs90, 
promoting radiative transitions from these levels and leading to the change of intensity 
ratio between the 700 and 800 nm emissions91. Traditionally little attention has been 
paid to Tm3+ ions, mainly because the weak 700 nm light signal is difficult to detect56. 
The sensitivity of the thermometer based on 3F2,3 and 3H4 thermally coupled energy 
levels is much higher if compared to other cases, because of the much larger energy 
gap between the two levels (evaluated to be about 1850 cm-1)56, resulting in higher 
resolution. However, as a major drawback of large energy separation, the thermalizing 
rate from the 3H4 to 3F2,3 states will be reduced at lower temperatures, resulting in 
relatively large measurements errors56. Hence, this type of optical thermometer is 
especially suitable for high temperature range, respect to physiological temperatures90. 
In the second case (ii) the participation of phonons, that is temperature dependent, may 
affect the population of 1G4 levels, enhancing the emission intensity. On the contrary, 
decreasing the temperature, the population may decrease because of phonon-assisted 
cross-relaxation. Moreover, decreasing temperatures promote the population of 3F2,3 

levels, at the expenses of 3H4 levels, also reducing the population of 1G4 levels, that 
are in turn populated at the expenses of 3H4 levels via energy transfer ET. Hence, in 
this case, phonon-assisted processes dominate thermal population of 1G4 excited 
levels, resulting in a different temperature dependence of its upconversion emission 
above a certain temperature (300-400K)56. 
Nd3+ single-doped systems are particularly adequate for biological applications 
because of the possibility to absorb and emit in the first biological window, where the 
transparency of the living tissues is high55,94-104 (Fig.4), offering much penetration 
depth potential for deep-tissue imaging95,105-106.  
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Fig.4 Schematic illustration of optical windows in biological tissues, 
representing the attenuation coefficient of typical elements encountered in vivo, 

including oxygenated and deoxygenated blood, water, and melanin.  
 
The ratiometric temperature parameter can be based on the energy difference between 
either (i) the barycenters of the 4F5/2 and the 4F3/2 multiplets, or (ii) the barycenters of 
the 4F7/2 and the 4F5/2,3/2 multiplets, or (iii) two Stark components of the 4F3/2 multiplet. 
In the two first cases, the relative sensitivity is significantly higher respect to the last 
one94, enhancing the applicability of Nd3+ ions in optical thermal sensing and deep-
tissue imaging (Fig.5). Until now, the vast majority of Nd3+-doped thermal sensors 
reported in literature are based on the small energy difference between two Stark 
sublevels of the 4F3/2 multiplet96-97,107, and only few works55,94,108 report on the FIR 
between the 4F5/2→4I9/2 and 4F3/2→4I9/2 transitions. 
 

 
 

Fig. 5 Image of mice tumors (a), with LaF3:Nd3+ NPs injected only in the left 
side (right-side tumor was used as control); Infrared fluorescence (b) and Infrared 

thermal (c) images under 808 nm laser irradiation (4 W cm-2)95. 
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Suitable luminescent probes may be derived from ruthenium complexes, organic dyes, 
polymers, layered double hydroxides (LDHs), spin crossover NPs, semiconductor 
quantum dots (QDs), and Ln3+-based materials57. Among these luminescent probes, 
Ln3+-based materials have been extensively explored, as they are versatile, stable, and 
narrow band emitters, generally with high emission quantum yields109-112. Rare earth 
nanothermometers present clear advantages such as superior physical and chemical 
stability, low toxicity, narrow luminescence lines, and absence of aging effects, among 
others92. 
By choosing various trivalent ions as optically active centers, it is possible to cover the 
entire electromagnetic spectrum, from UV to IR, obtaining tunable luminescent 
properties depending on the designed application80,109,113-115. Lanthanide-based 
systems include upconverting Yb-Er72,116-117, Pr-Tb118, and Tb-Eu31,58,119-120 co-doped 
systems and Eu121, Dy122-123, Nd94-97,107 single doped materials. Even transition metal 
Cr3+-doped59,124,125 or Cr-Ln co-doped systems have been investigated126. As 
evidenced, many Ln3+-based molecular thermometers, covering a wide range from the 
cryogenic (T<100 K) to the physiological (298–323 K) even to very high (1000 K) 
temperatures, have been reported in the last years.   
Table 2 provides a list of Ln3+-based luminescent thermometers, displaying the 
maximum relative sensitivity value (Sr, % K-1), the temperature range of operation (ΔT, 

K), the temperature at which Sr is maximum (Tr, K), and the thermometric parameter 
associated. 
 

Phosphor 
Sr  

[%K-1] 
ΔT (Tr) 

[K] 
Thermometric property 

YAG:Ce NPs127 0.2 
315-350 

(350) 
Emission lifetime 

Eu/Tb hybrid NPs58 4.7 
10-350  
(134) 

FIR 5D0→7F2/5D4→7F5 

Y2O3:Eu3+128 2.6 
473-973 

(973) 
Rise time 

Eu hybrid NPs129 3.1 
283-323 

(283) 

5D0→7F2 intensity and 5D0 

lifetime 

YVO:Dy3+130 1.8 
298-673 

(298) 
4F9/2 lifetime 

ZnO:Er3+ NPs73 0.6 
273-473 

(273) 
Emission intensity 

BaTiO3:Er3+ NPs81 0.5 
333-466 

(333) 
FIR 2H11/2→4I15/2/4S3/2→4I15/2 

Y3Al5O12:Er3+131 0.5 
295-973 

(467) 
FIR 2H11/2→4I15/2/4S3/2→4I15/2 

PbF2:Er3+/Yb3+ NPs11,12  1.0 
315-415 

(345) 
FIR 2H11/2→4I15/2/4S3/2→4I15/2 

NaYF4:Er3+/Yb3+ UCNPs72 1.0 
298-318 

(318) 
FIR 2H11/2→4I15/2/4S3/2→4I15/2 

Gd2O3:Er3+/Yb3+ UCNPs74 0.2 
295-1000 

(600) 
FIR 2H11/2→4I15/2/4S3/2→4I15/2 
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Er3+/Yb3+ co-doped fluoride 
amorphous glass particle75 

1.1 
335-375 

(342) 
FIR 2H11/2→4I15/2/4S3/2→4I15/2 

CaF2:Er3+/Yb3+ and 
2.3 

 
293-318 

(318) 
FIR 2H11/2→4I15/2/4S3/2→4I15/2 

 

Tm3+/Yb3+ UCNPs93 0.2 
293-318 

(315) 
FIR between Stark levels of 
Tm: 3H4 excited state 

SrWO4:Er3+/Yb3+132 1.5 
299-518 

(403) 
4S3/2 lifetime 

SrF2:Er3+/Yb3+ NPs133 1.2 
303-378 

(303) 
FIR 2H11/2→4I15/2/4S3/2→4I15/2 

LiNbO3:Tm3+/Yb3+ crystal90 0.02 
323-773 

(773) 
FIR 3F2,3→3H6 /3H4→3H6 

NaYF4: Tm3+/Yb3+ NCs91 1.53 
300-500 

(417) 
FIR 3F2,3 →3H6 /1G4→3H6  

NaNbO3:Tm3+/Yb3+ NCs92 0.08 
293-353  

(293) 
FIR between Stark levels of 
Tm3+: 1G4 excited state 

Gd2O3:Nd3+ NPs94 1.8 
288-323 

(288) 
FIR 4F5/2→4I9/2/4F3/2→4I9/2 

LaF3:Nd3+ NPs96 0.1 
283-333 

(283) 
FIR between Stark levels of 
Nd3+: 4F3/2 excited state 

NaYF4:Nd3+ NPs97 0.1 
273-423 

(273) 
FIR between Stark levels of 
Nd3+: 4F3/2 excited state 

YAG:Nd3+ NPs107 0.2 
283-343 

(283) 
FIR between Stark levels of 
Nd3+: 4F3/2 excited state 

La2O2S:Nd3+108 2.0 
270-600 

(270) 
FIR 4F5/2→4I9/2/4F3/2→4I9/2 

NaYF4:Nd3+ 
microcrystals134 

0.6 
323-673 

(500) 
FIR 4F5/2→4I9/2/4F3/2→4I9/2 

 

Table 3 List of Ln3+-based luminescent thermometers including maximum relative 
sensitivity values (Sr, % K-1), the temperature range tested (ΔT), the temperature at 

which the relative sensitivity is maximum (Tr), and the thermometric property. 
 
Generally luminescent Ln3+-based thermometers present  slightly lower Sr  values, 
respect to polymers- or dye-based ones. However they usually cover a wider 
temperature range, over the whole physiological temperature interval. For example, 
polymer-based thermometers tipically work in an interval of 10 K, being ascribable to 
on-off temperature sensors, rather than to wide-range thermometers. A relative 
sensitivity value of 0.5% K-1 (i.e. a relative variation in the thermometric parameter of 
0.5% per degree) is a reasonable quality treshold, however this criteria may be more 
difficult to comply when speaking of ratiometric, self-referencing thermometric 
systems2. Despite the large amount of research carried out so far, it is still unavailable 
a single thermometer that complies with the following requirements, that should be 
satisfied simultaneously for intracellular temperature sensing: 

► high temperature δT (<0.5 K) and spatial δx (<3μm) resolution; 
► ratiometric and concentration-independent output; 
► indipendency of: changes in surrounding pH and ionic strenght, presence of 

biomacromolecules. 
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CHAPTER 4 

 

 

 

Bismuth-based optical materials 
 
Bismuth is one of the most investigated group of elements, the post-transition 
metals1.  It is commonly found in nature in the form of oxide (Bi2O3), carbonate 
((BiO)2CO3) or sulphide (Bi2S3)2. It has electronic configuration (Xe)4f145d106s26p3 
and owes its easy involvement in chemical combinations to the electrons in the p 
orbital3. The electrons in the 6p, 6s, or 5d orbitals are rather sensitive to their 
coordination environment4. It shows a variety of oxidation states (0, +1, +2, +3, +5), a 
strong spin–orbit coupling effect and a propensity to form clusters, among which are 
molecular crystals5-11, molten Lewis acids12-15, and porous zeolitic solids16.  
Recently bismuth-based materials gained great attention because of excellent optical 
and electrical properties17, low toxicity and reduced costs18 and environmentally-
friendly attributes19. They proved to be suitable for various fields of applications, as 
photocatalysts20-23, UV filters24-25, ferroelectrics26-27, fuel cells28, batteries29-30 and 
multiferroics31-33. At the nanoscale, thanks to their physical properties, bismuth-based 
materials are also promising candidates in the nanomedicine field, as contrast agents 
for multimodal clinical imaging, allowing to integrate diverse techniques such as 
computed X-ray tomography (CT)34-35, single-photon emission CT (SPECT)36 and 
photoacoustic tomography (PAT)37.  
Speaking of photocatalysis, bismuth-based compounds generated great interest 
because of outstanding photocatalytic activity, non-toxicity, cost-effectiveness and 
superior stability. Bismuth-based materials take advantage of the strong visible light 
absorption and of the peculiar electronic structure of Bi3+ 6s orbitals, typical of p-block 
metals with a d10 configuration, including also Ag+ 4d and Sn2+ 5s. 6s orbitals can 
hybridize O 2p levels forming a hybridized valence band (VB) and thus narrowing the 
band gap to efficiently collect visible light38. This hybridized VB favours the mobility 
of photogenerated holes, inducing the efficient separation of electron-hole pairs, thus 
improving the photocatalytic efficiency39. Among recently investigated bismuth-based 
materials with photocatalytic activity are: layered structure compounds of the 
Aurivillius family, such as BixOyAz (A= Cl, Br, I, F)40-42, bismuth oxide (Bi2O3

43), 
bismuth titanates (e.g. Bi4Ti3O12, Bi2Ti2O7, Bi12TiO20

44-46), bismuth tungstate 
(Bi2WO6

47-48), bismuth titanate niobate (Bi3TiNbO9
49), bismuth vanadates (BiVO4

50-
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54, Bi7VO13
55, Bi11VO19

56), bismuth silicates (e.g. Bi2SiO5, Bi4Si3O12 and Bi12SiO20
57-

66), bismuth phosphate (BiPO4
67), etc. These materials have been used in various 

photocatalytic processes67 including antifogging, carbon dioxide reduction, organic 
pollutant degradation in water, air and waste water purification, self-cleaning, 
disinfection, water splitting for hydrogen generation, and so on.   
Stereochemically active 6s2 lone pair electrons (LPE) are also responsible of non-
centrosymmetric crystal structures that induce other peculiar features in the Bi-based 
materials, such as pyro-, ferro- and piezo-electricity and second harmonic generation 
(SGH)68.  
During the last decade, the interest in bismuth-activated photonic materials has grew 
significantly. Extensive studies have been carried out to develop materials suitable as 
fiber lasers69, bioimaging probes70 and phosphors71-74. The excitation and emission 
bands of the Bi-activated phosphors are typically located in the UV-VIS region, but 
usually any emission is observed at room temperature because of concentration 
quenching effects. The luminescence spectrum of Bi3+ shows a broad blue/green band 
ranging from 400 to 600 nm. The FWHM of this emission peak can be as large as 0.54 
eV, comparable to other of s2–sp transition such as those of Pb2+, Sn2+ and Sb3+ and 
much broader than those of lanthanide ions. Many different classes of bismuth-
activated hosts, such as phosphates75-79, tungstates80-85, alkaline-earth sulphides and 
fluorides86-87, borates88-89, vanadates90-95, silicates96, aluminates and gallates garnets97-

103 are reported in literature.  
Even luminescence from bismuth-based compounds has been widely investigated. 
Among these luminescent materials are Bi4Ge3O12

104, Bi2Al4O9, Bi2Ga4O9, B12TiO20 
and Bi2WO6

105. Also Sillen X1 series of ABiO2X (A=Cd, Ca, Sr, Ba, Pb; X=Cl, Br, I) 
compounds have been studied, showing a noteworthy colour tunability moving from 
blue (BiSrO2Cl) to green-yellow (BiBaO2Br)106. 
Besides luminescent features of Bi3+, also its sensitizing properties to enhance the PL 
efficiency of other luminescent centres, thanks to its higher absorption cross-section, 
have been investigated. As reported in literature, the process is based on energy 
transfer mechanisms between Bi3+ and rare earth ions, that have the effect of enhancing 
their emission intensity. The most studied system consists in the Bi3+-Eu3+ pair107-110, 
but other ion pairs were also investigated (i.e. Bi3+-Sm3+107,111-113, Bi3+-Dy3+107,111-113, 
Bi3+-Ho3+107,111-113, Bi3+-Tb3+107, Bi3+-Yb3+112). 
There has been comparatively limited research on the development of lanthanide 
doped Bi-based compounds, compared to d- and p-block metals. Nonetheless, Bi-
based hosts show some promising features, such as intrinsic low phonon energy and 
high refractive index, that reduce non radiative relaxation increasing the emission 
probability68, comparable ionic radius of Bi3+ with that of Ln3+ ions and common 
trivalent oxidation state. All together these properties make bismuth-based materials 
potential good hosts for lanthanide ions, for photonic and luminescent applications. 
Significant synthetic challenges remain, mainly due to differences in solubility and 
coordination geometry, often because of stereochemically active lone pair electrons of 
bismuth19,114. Recently, various works reported on the spectroscopic properties of 
lanthanide doped bismuth oxide Bi2O3 (Er3+115, Yb3+, Er3+, Ho3+, Tm3+116, Yb3+, 
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Er3+117); bismuth fluoride BiF3 (Eu3+, Tb3+68); bismuth tungstate Bi2WO6 (Eu3+, Pr3+, 
Nd3+, Tm3+, Ho3+47); bismuth vanadate BiVO4 (Er3+, Tm3+, Yb3+118); bismuth 
phosphate BiPO4 (Ce3+, Eu3+119 and Tb3+, Eu3+, Dy3+, Sm3+120); bismuth germanate 
Bi4Ge3O12 (Nd3+121); and bismuth silicates Bi2SiO5 (Dy3+122, Dy3+-Eu3+122, Dy3+-
Tb3+122, Yb3+–Er3+, Yb3+–Ho3+ and Yb3+–Tm3+18), Bi4SiO3 (Sm3+123, Er3+124-127, 
Dy3+128, Dy3+-Eu3+129, Nd3+130), and Bi12SiO20 (Pr3+131, Nd3+121). 
Among the investigated doped matrices, bismuth silicates, with excellent chemical and 
thermal stability, seem to be promising hosts for fluorescence applications.  

 
4.1 Bismuth silicates as new host for 

upconversion (UC) 
Bismuth silicate ceramics have attracted great interest because of their piezoelectric 
and photorefractive features, optical activity and photoconductivity, that make them 
suitable materials for disparate applications126,132-135. They have excellent mechanical, 
chemical, optical, photoluminescent, and thermoluminscence properties123,136-138. 
They are characterized by general formula BixSiyOz, commonly abbreviated to BSO17. 
The Bi2O3-SiO2 binary system (Fig.1) mainly consists of three compounds139, 
depending on the molar ratio between the two oxides, each with a distinctive 
crystalline phase: the sillenite Bi12SiO20 (with molar ratio 6:1), the eulytite Bi4Si3O12 
(2:3) and the metastable Bi2SiO5 (1:1)18,38,123,132,140. However, because of the complex 
nature of the Bi2O3-SiO2 system, complete phase relations and crystallizing behaviour 
of the system are still not explicit17,140-142. 
 

 
 

Fig.1 Bi2O3-SiO2 binary system phase diagram. 
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The Bi12SiO20 phase belongs to the family of the so-called sillenite-type structures143-

147, isomorphic to γ-Bi2O3, and it is exploited in many optical devices due to its 
photorefractive, piezoelectric, electro-optic, dielectric and photocatalytic properties148-

155. 
Bi4Si3O12 structure is similar to that of Bi4Ti3O12 perovskite156, in which triple Ti-O 
octahedral is placed between (Bi2O2)2+ layers132,157. It is a ferroelectric material132 with 
many applications due to its low dielectric permittivity, high Curie temperature, and 
spontaneous polarization158-162. It is transparent in VIS-NIR regions, which makes it 
an attractive candidate for diode pumped microchip lasers163. Bi4Si3O12 has also been 
widely investigated as a scintillator164-166, due to its physical, optical and scintillation 
resemblance to Bi4Ge3O12

17,164,167, and phosphor host124-129,168.  
Bi2SiO5 belongs to the Aurivillius family; its unique crystalline structure is composed 
of layers of pyroxene (SiO3)2- and (Bi2O2)2+, stacked alternatively169. This layered 
structure may be beneficial for the formation of 2D or 3D nanostructures, such as 
sheet-/flower-like morphologies122. It possesses relatively good dielectric and 
piezoelectric properties and nonlinear optical effects38. The less-explored metastable 
Bi2SiO5 phase has been previously reported for its photocatalytic activity57-62, 170-171, 
heavy metal removal properties172, and lead-free ferroelectricity173-178. Despite 
appealing properties, only few studies are available in literature about optical 
properties of Bi2SiO5

18,122. Common synthetic methods of Bi2SiO5 are 
hydrothermal38,57,178, sol-gel179, molten salt180-181 syntheses and more traditional solid-
state-reaction methods. The hydrothermal method offers many advantages, compared 
to conventional ones. Among them are mild synthesis conditions, higher purity, a high 
degree of crystallinity and narrow distribution of particle size122. However, new 
synthetic strategies able to stabilize the single phase are requested, especially at the 
nanoscale. 
Silicate-based nanophosphors are promising hosts for the doping with lanthanide ions, 
thanks to features such as wide band gap, compact crystalline structure, chemical and 
thermal stability, low synthesis cost etc169. Moreover, they can be easily synthesized 
with respect to nitrides or oxynitrides phosphors and are endowed with homogeneous 
distribution of the dopants and versatility of shapes and sizes182-184.  

 
4.2 Bi2O3 polymorphs 
Since the starting NPs are composed of Bi2O3, and certain conditions may lead to the 
stabilization of specific crystalline structures, which can influence the performance of 
lanthanide ions, the polymorphic nature of this compound must be considered. 
Bismuth oxide (Bi2O3) displays a complex polymorphism. Six different polymorphs 
of this oxide, i.e. the α-, β-, γ-, δ-, ε-, and ω-phases, have been reported in the 
literature.  The monoclinic α-Bi2O3 phase is stable at room temperature. Upon heating, 
it transforms into the δ-form at about 730 °C 185. The high temperature form δ- Bi2O3 is 
stable between 730 °C and approximately 825 °C, which is the melting temperature of 
the material.  Cooling the δ-Bi2O3 form does not give directly the α-variety: 
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intermediate metastable tetragonal and body-centred cubic phases (β and γ, 
respectively) are observed at about 650°C and 640°C, respectively. The transformation 
of β during cooling, at about 300 °C, always leads to the α-form, whereas γ can persist 
to room temperature when the cooling rate is very low. More recently, an orthorhombic 
δ-Bi2O3 and a triclinic ε- Bi2O3 phases were stabilized in specific conditions186. Fig.2 
summarizes the complex temperature dependence stabilization of the different 
polymorphs186. 
 

 
 

Fig.2 Stable and metastable polymorphs of Bi2O3 and their temperature 
dependence186. 
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CHAPTER 5 

 

 

 

Synthesis and Characterization of 
Lanthanide-doped Bismuth silicate 

(nano)systems as innovative 
platforms for multi-modal imaging 

 
ABSTRACT: Bismuth-based nanocrystalline particles are recently attracting much 
attention as hosts for luminescent ions, such as lanthanides (Ln), for many 
applications. Thanks to their low toxicity and reduced costs they have been proposed 
for lighting devices and for disparate biological applications.  
Here, we report the synthesis of uniform crystalline lanthanide-doped (Yb, Er, Ho and 
Tm) Bi2SiO5 upconverting nanoparticles embedded into a silica shell of a controlled 
thickness (Bi2SiO5:Ln@SiO2) for the design of nanophosphors emitting in the VIS 
range, as versatile multi-modal imaging probes and potentially reliable ratiometric 
optical thermometers. Uniform and monodispersed Bi2O3 NPs were obtained, 
subsequently the fine control of the SiO2 shell thickness was modelled on a theoretical 
and experimental approach. The formation of the Bi2SiO5 single phase, as a 
consequence of a thermal treatment, triggered by the local reactivity between Bi2O3 
and SiO2, in the Bi2O3@SiO2 system, leads to a double layered Bi2SiO5@SiO2 hollow 
nanosystem. A strategy for the control of the chromaticity emission was achieved 
through the accurate choice of the dopants and of their relative concentration. 
Furthermore, NIR-emitting Nd3+-doped bismuth-silicate (nano)systems were 
synthetized for the same purposes and thoroughly characterized: Bi2SiO5:Nd@SiO2 (i) 
and Bi4Si3O12:Nd@SiO2 (ii) NPs, and bulk Bi12SiO20:Nd (iii). These three compounds 
form the Bi2O3-SiO2 binary system (see Fig.1 in Chapter 4) and are the metastable 
Bi2SiO5, the eulytite Bi4Si3O12 and the sillenite Bi12SiO20. Nd-doped Bi2SiO5 (i) and 
Bi4Si3O12 (ii) nanoparticles were obtained via the hydrothermal route previously 
described for Ln3+-doped nanoparticles, whereas the Bi12SiO20 (iii) bulk phase was 
synthetized through a solid-state reaction. 
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5.1 Bi2SiO5:Ln3+@SiO2 core-shell UCNPs 
Bismuth-based materials are characterized by interesting properties triggered by the 
high refractive indexes, low bandgap energies and the stereochemical activity of the 
6s2 lone-pair electrons (LPE) of Bi3+ 1, funding application in many different fields 
such as fuel cells2, UV filters3,4 and water splitting5,6. Recently, bismuth-based 
compounds also demonstrated to be very appealing hosts for luminescent ions such as 
lanthanides and transition metals, despite their narrow bandgap, showing potential 
applications as luminescent probes7-10 and optical thermometers11,12. In addition, 
bismuth-based nanosystems are particularly suitable as probes for multi-imaging, due 
to the large attenuation coefficient of Bi (5.74 cm2g-1 at about 100 keV) 13-16. This 
makes them promising candidates as contrast agents for multimodal clinical imaging, 
for example for computed X-ray tomography17,18, (CT), single-photon emission CT19 
(SPECT) and photoacoustic tomography20 (PAT). Recently, Bi2SiO5 was proposed as 
a suitable host for upconverting systems9, showing the stabilization of this metastable 
phase by means of a synthetic procedure involving the impregnation of mesoporous 
silica nanoparticles, that unfortunately lead to agglomerated and inhomogeneous 
nanoparticles, limiting their real applicability.  
As seen in Chapter 2, Lanthanide ions (Ln3+) are a well-known family of luminescent 
ions finding applications in a variety of optical fields moving from 
telecommunications,21-24 lasing25,26 and lighting27,28 to bioimaging29,30, 
nanothermometry31-34 and anticounterfeiting35,36, to name a few. In the recent years, a 
lot of interest was gained by the potential of luminescent nanothermometry to probe 
intracellular temperature37,38 or to map the dissipation in microelectronic circuits39 but 
also to locally probe phase transition temperatures40 and to measure in-situ thermal 
gradients in catalytic reactions41. 

The uniformity of the nanoparticles is still a critical parameter for many families of 
compounds, especially when speaking of metal oxides. Thus, the development of 
synthetic procedures for highly monodispersed nanoparticles with homogeneous shape 
is a challenge. The reproducibility of the method proposed here was tested by 
preparing the samples three times for each step. Figure 1 summarizes the synthetic 
strategy adopted: (1) synthesis of monodisperse Ln-doped Bi2O3 NPs, (2) silica shell 
growth and (3) thermal treatment for the stabilization of the desired system, taking 
advantage of the diffusion and reactivity properties between the Bi2O3 core and the 
silica shell. Complete structural, morphological and optical investigations were 
conducted on this system.  
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Fig.1 Schematic illustration of the synthesis procedure for lanthanide-doped 
Bi2SiO5@SiO2. 

 
5.1.1 Sample preparation 
Bi2O3 NPs 

Materials 

Bismuth(III) nitrate pentahydrate (Bi(NO3)3· 5H2O, 99.9%), Ytterbium(III) nitrate 
pentahydrate (Yb(NO3)3· 5H2O, 99.9%), Erbium(III) nitrate pentahydrate (Er(NO3)3· 
5H2O, 99.9%), Holmium(III) nitrate pentahydrate (Ho(NO3)3· 5H2O, 99.9%), 
Thulium(III) nitrate pentahydrate (Tm(NO3)3· 5H2O, 99.9%),  Sodium hydroxide 
(NaOH, >99%), Potassium hydroxide (KOH, ≥85%), ammonium hydroxide 
(NH4OH), poly(vinylpyrrolidone) (PVP, MW = 10, 29, 40, 360 and 1300 kg/mol))  
and ethylene glycol (EG, 99.8%) were purchased from Sigma Aldrich. 
Urea (CO(NH2)2, >99%) was obtained from Fluka Analytical.  Nitric acid (HNO3, 
65%) was purchased from Carlo Erba. All the chemicals were reagent grade and used 
without further purification.   

Synthesis of Ln3+-doped Bi2O3 NPs 

Uniform Bi2O3 and Ln3+-doped Bi2O3 NPs were prepared by means of a modification 
of the hydrothermal synthesis reported by Qin et al.42. In a typical synthetic process, a 
Bi(NO3)3· 5H2O stock solution (75 mM) was prepared by dissolution in HNO3 (1 M). 
Subsequently, a certain quantity of PVP (7.5 μmol) was dissolved into 20 mL of the 
stock solution under magnetic stirring. PVPs with different molecular weights were 
tested. Separately, 5.4 mmol of the precipitant agent, either CO(NH)2, NaOH, KOH or 
NH4OH, were dissolved in EG (100 mL). Finally, the second solution was slowly 
poured into the first one. The mixture was stirred for a short time and then transferred 
into a stainless-steel autoclave with a Teflon liner. The autoclave was sealed and 
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maintained at 150°C for 3.5 h. The obtained products were centrifuged and washed 3 
times with deionized water, once with mixed ethanol and water and once with ethanol 
only. Finally, the samples were dried for further characterizations. Various Ln3+ co-
doped samples were prepared, by substitution of the adequate volume of the Bismuth 
precursor solution with the same volume of the desired Ln3+ solution in HNO3. For 
this reason, bismuth and lanthanides stock solutions in HNO3 were prepared with the 
same molarity. The samples produced are listed in Table 1. 
 

Sample Reactant Yb3+ 
%at. 

Er3+ 
%at. 

Ho3+ 
%at. 

Tm3+ 
%at. 

#1 CO(NH2)2 - 0.5 - - 
#2 CO(NH2)2 - 1 - - 
#3 CO(NH2)2 - 2 - - 
#4 CO(NH2)2 - 4 - - 
#5 CO(NH2)2 - 6 - - 
#6 CO(NH2)2 - 8 - - 
#7 CO(NH2)2 - 12 - - 
#8 CO(NH2)2 6 1 - - 
#9 CO(NH2)2 10 1 - - 
#10 CO(NH2)2 6 - 1 - 
#11 CO(NH2)2 6 - - 0.5 
#12 CO(NH2)2 6 0.5 - 0.5 
#13 CO(NH2)2 6 1 - 0.5 
#14 CO(NH2)2 6 - 1 0.5 
#15 CO(NH2)2 6 1 0.5 0.5 
#16 NaOH - 5   
#17 NaOH - 10 - - 
#18 NaOH 6 1 - - 
#19 NaOH 10 1 - - 

 
 

Table 1. Synthetized samples of Ln3+-doped Bi2O3 NPs 

Bi2O3@SiO2 NPs 

Materials 

Ammonia solution (NH3, 30%) was purchased from Carlo Erba. Ethanol anhydrous 
EtOH (CH3CH2OH, ≥99.5%) and Tetraethoxysilane TEOS (Si(OC2H5)4, 98%). were 
purchased from Sigma Aldrich. 
All the chemicals were reagent grade and used without further purification.   

Synthesis of silica coating over bismuth oxide nanoparticles 

For thin silica coating on the surface of the particles, 0.3 g of Bi2O3 NPs were 
ultrasonically and homogeneously dispersed in the mixture of 240 ml ethanol, 60 ml 
deionized water and 6 ml concentrated NH3 solution (30%). Finally, TEOS was added 
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dropwise to the mixture in subsequent aliquots at precise time intervals. Different 
amounts of TEOS (0.160, 0.320, 0.640, 1.280, 2.560, 3.840 mL), with TEOS 

(L):Bi2O3 (mg) ratio of about 0.5, 1, 2, 4, 8 and 12, were tested to obtain coatings of 
increasing thickness.  
After stirring the mixture at room temperature for 6 h, the silica coated Bi2O3 particles 
were centrifuged and washed 3 times with ethanol, then dried at room temperature. 

Bi2SiO5@SiO2 NPs 
To obtain the desired phase, the silica coated Bi2O3 nanoparticles were calcined in air 
for 2 hours. Different temperatures (namely 400, 500, 600 and 700° C) were tested. 

 
5.1.2 Morphological and structural analysis 
Hydrothermal synthesis of Bi2O3 NPs: Key parameters 

Size and morphology of the obtained products were investigated by means of both 
scanning and transmission electron microscopy (SEM and TEM). By changing the 
precipitant agent and keeping PVP molecular weight constant to 40 kg/mol, the 
nanoparticles size showed high variability, moving from a distribution of nanoparticles 
with a diameter of 110 ± 15 nm with KOH (Fig.2a), to 120 ± 10 nm with NaOH 
(Fig.2b), 130 ± 10 nm with NH4OH (Fig.2c) and 180 ± 20 nm when using urea 
(Fig.2d). As it can be evinced, NPs with inhomogeneous size distributions are obtained 
when using KOH or NH4OH (Fig.2 a, c). This led to choose NaOH and urea as 
preferred precipitant agents (Fig.2 b, d).  Moreover, also the effect of PVP molecular 
weight was investigated, either using NaOH (Fig.3 a, b, c, d) or urea (Fig.3 e, f, g, h) 
as precipitant agent. As can be observed in FE-SEM images, both the series of samples 
showed increasing mean size when increasing the MW of the capping agent. 
It is worth noting that, despite the big efforts devoted in the last decades to the 
development of new strategies for colloidal nanosystems, the basic mechanisms for 
the formation of many NPs are still not completely clear. As reported by Thanh et al.43, 
there is a lack of studies in particular for the growth of metal oxide NCs. Qin et al42. 
suggested a mechanism for the formation of the bismuth oxide nanoparticles consisting 
in a first step (i) where Bi-PVP complexes are formed through the coordination bridges 
between Bi3+ and the carbonyl oxygen of PVP,  while the remaining PVP forms 
micelles encapsulating Bi-PVP complexes44,45, and a second step (ii) in which the 
complexes could release Bi3+ which react with OH- ions provided by the precipitant 
agent, slowing down the nucleation and consequently the crystal growth and leading 
to the formation of tiny primary nanoparticles, that subsequently aggregate to grow 
bigger secondary particles formed by by numerous interconnected nanospheres. The 
role of PVP as stabilizer also prevents a quick aggregation, modulating the size of 
Bi2O3 nanospheres46. The effect of PVP molecular weight on the size of nanoparticles 
is probably due to the increasing viscosity of the reaction system. However, the 
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underlying mechanism is still unclear and further investigation is needed to unravel 
the exact process. 
 

 
 

Fig.2 SEM images of Bi2O3 NPs synthetized by varying the precipitant agent: (a) 
KOH, (b) NaOH, (c) NH4OH and (d) CO(NH)2. Mean size of each sample 

(estimated by stastically sampling N=500 NPs) is indicated underneath SEM 
images. 

 

 
 

Fig.3 SEM images of two series of Bi2O3 NPs synthetized by varying the molecular 
weight of PVP capping agent, either with NaOH or Urea as precipitant agent: (a, 
f) MW=10 kg/mol, (b, g) MW=29 kg/mol, (c, h) MW=40 kg/mol, (d, i) MW=360 

kg/mol and (e, j) MW=1300kg/mol. Mean size (estimated by statistically sampling 
N=500 NPs) is indicated underneath SEM images. 
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The smaller and bigger nanoparticles obtained by using respectively NaOH or urea 
(Fig.4 a, b) as precipitant agent to modify the pH of the reaction and using PVP40, 
were chosen and further investigated. The good monodispersion showed by both the 
samples (see size distributions bells in Fig.4 b, f) is a fundamental parameter for many 
biological applications. As shown by the TEM images in Fig.4 c, d, g and h, the 
nanoparticles are formed by primary small aggregates with a size of about 5 nm. It is 
interesting to note how the different precipitants lead to different NPs size, but the 
primary aggregates size seems to not be modified. This suggests the assembling 
process of the primary nanoparticles as the main factor determining the final 
nanoparticles size. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 Uniform Bi2O3 NPs, synthetized with PVP with MW=40 kg/mol as capping 
agent and either with NaOH or Urea as precipitant agent: (a, e) SEM images, (b, 

f) size distributions (N=700), (c, g) single particle TEM and (d, h) HR-TEM 
images. 

 
Contrary to what could be expected, based on the specific nanostructure of the obtained 
NPs, a small specific surface area and adsorptive capacity was determined by means 
of Nitrogen physisorption measurements for both NaOH and urea synthetized samples. 
The Brunauer Emmett Teller (BET) equation allowed to calculate a specific surface 
area of 13.9 and 7.7 m2/g for NaOH and urea synthetized samples, respectively. As 
expected, nanospheres with the smallest size possess the largest BET surface area. 
According to the IUPAC classification47, both the absorption/desorption 
measurements follow the isothermal shape of type III (Fig.5 a, b), showing no 
hysterisis, typical of multilayer adsorption in non-porous solids. In addition, as a 
further confirmation of the non-porosity of the synthetized bismuth oxide NPs, a total 
pore volume of 0.1 and 0.04 cm3/g was found for NaOH and urea samples, 
respectively. 
Fig.6a shows FT-IR spectrum of Bi2O3 NPs, sintethized with urea. Peaks attributable 
to –C-H (2900 cm-1), -C-H2 (2850 cm-1) and –C=O (1650 cm-1) stretching vibrations 
and –C-H2 (1450 cm-1) bending vibrations could be identified, relatively to the 
presence of PVP on the surface of the nanoparticles. On the other hand, intermolecular 

120 ± 14 nm 

180 ± 20 nm 
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-O-H (broad peak at 3200 cm-1), –C-OH (1250 cm-1) and –C-H2 stretching vibrations 
(2850 cm-1) and–C-H2 bending vibrations (1450 cm-1) are imputable to the presence 
of unwashed ethylene glycol. The thermogravimetric analysis seems to confirm the 
presence of the two reagents. As can be observed in Fig.6b, the differential TG (red 
line) shows the peak corresponding to the onset of initial decomposition of ethylene 
glycol at 240°C and the peak relative to PVP decomposition at 350°C, that when 
coated on nanoparticles starts to decompose at lower temperatures respect to pure PVP, 
which decomposition usually happens at 380°C48. The registered total weight loss is 
of about 22%. 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig.5 N2 adsorption/desorption isothermal curves for Bi2O3 NPs, synthetized either 
with (a) NaOH or (b)urea as precipitant agent. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.6 (a) FT-IR spectrum of Bi2O3 NPs before (black line) and after (blue line) the 
thermogravimetric analysis (780°C) showing the typical peaks for stretching and 

bending vibrations in EG and PVP, (b) TG (blue line) and DTG (red line) showing 
weight loss peaks relative to EG and PVP calcination at 240 and 350°C, 

respectively. 
 
Fig.7 shows the XRPD pattern of the synthesized NPs. The broad peaks evidenced in 
the pattern could be related to an amorphous phase or to the broadening coming by the 
small size of the primary aggregates, even though the previously shown HR-TEM 
images (Fig.4 d, h) suggest the crystallinity of the aggregates of bismuth oxide. 

a)                                                                            b)  

a)                                                                                b) 
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However, at the present stage, it is difficult to unambiguously assign the Bi2O3 
polymorph from the XRPD pattern. 
 

 
 

Fig.7 XRPD pattern of the synthetized Bi2O3  NPs. 
 
For what concerns NPs synthetized with urea as the precipitant agent, the introduction 
of Er3+ ions into the hydrothermal reaction solution does not affect the nanoparticle 
growth up to 8 mol%, leaving morphology and size unchanged (see SEM images in 
Fig.8 and size distribution trend in Fig.9), while for higher concentrations the self-
assembling process of the primary aggregates changes resulting in a modification of 
the spherical shape (see for instance SEM and HR-TEM images in Fig.10 a, b, c). 
However, as can be observed from the EDS spectra of a high-doped sample (Er3+ 
12mol%), collected in different regions of the nanoparticle, the spines protruding from 
the spheres maintain the same composition as the core.  
 

 
 

Fig.8 FE-SEM images of Er-doped Bi2O3 NPs, synthetized with urea as precipitant 
agent, with different at.% content of Er: (a) 0.5%, (b) 1%, (c) 2%, (d) 4%, (e) 6% 

and (d) 8%. 
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Fig.9 Size distributions of the Er-doped Bi2O3 NPs as a function of the Er content. 
 

 
 

Fig.10 (a) FE-SEM, (b, c) HR-TEM images and (d, e) EDS analysis of Er-doped 
Bi2O3 NPs with 10%at. of Er. 

 
When Yb3+ is introduced into the system, the limit to keep the spherical shape is about 
6%at., above which the complete loss of the morphology occurs (see Fig.11).  
Speaking instead of NPs synthetized with NaOH as precipitant agent, doping contents 
of about 5%at. for Er3+ and of about 6%at. for Yb3+ are already enough to affect the 
morphology of the nanoparticles (see Fig.12). This differing effect observed for the 
different lanthanide ions and precipitant agents is not completely understood at the 
present stage and it is under investigation. 
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Fig.11 FE-SEM images of Yb-Er co-doped Bi2O3 NPs, synthetized with urea as 
precipitant agent, with different at.% content of Yb and Er: (a) Yb6-Er1% and (b) 

Yb10-Er1%. 
 

 
 

Fig.12 FE-SEM images of Er-doped and Yb-Er co-doped Bi2O3 NPs, synthetized 
with NaOH as precipitant agent, with different at.% content of Yb and Er: (a) Er 

5%, (b) Er 10%, (c) Yb6-Er1% and (d) Yb10-Er1%. 
 
Undoped Bi2O3 NPs and Bi2O3 NPs doped with 2%at. of Er were investigated by 
means of DSC analysis and the resulting phases were checked by means of XRPD. As 
summarized in Fig.13, the two samples show a different behaviour: (i) the undoped 
Bi2O3 is characterized by the α→δ phase transition during the heating cycle (735 °C) 
and two phase transitions, δ→γ and γ→α, during the cooling cycle (at 640 and 515 °C, 
respectively), resulting in the final stabilization of the α-phase (Fig.13 a, b), while (ii) 
when doped with 2 at.% of Er, the system evolves through the β→δ phase transition 
characterized by an exothermic peak at about 726°C and the inverse δ→β phase 
transition (endothermic peak at 628 °C) during the cooling step to stabilize the β-phase 
at RT (Fig.13 c, d). The bulk Bi2O3-Er2O3 phase diagram is perfectly matched49. 
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Fig.13 (a, c) DSC curves and (b, d) the XRPD patterns for the resulting crystalline 
phase of the undoped and 2 at.% Er-doped Bi2O3 NPs. 

 

Silica shell control 

Silica is typically used for realizing shells embedding nanoparticles, with the aim of 
reducing their activity or their toxicity. SiO2 coatings promote water dispersion and 
chemical stability, with the great advantage to allow the functionalization of the outer 
NP surface, irrespective to their nature, through the silane chemistry. The synthesis of 
SiO2 shells is of particular interest for protecting the surface of metal nanoparticles35,36, 
and for coating quantum dots and inorganic nanocrystals37, becoming thus a challenge. 
Moreover, in RE-doped nanoparticles, an inert silica coating has the unique advantage 
of reducing surface quenching effects over luminescence quantum yield50. Speaking 
of applications in nanomedicine, as reported by Gnanasammandhan et al.38, the 
formation of amorphous silica shell on upconverting nanoparticles (UCNPs) is a 
fundamental step for the synthesis of photodynamic therapy (PDT) systems39. 
Therefore, novel approaches to synthesize core-shell nanosystems are highly desirable. 
Here, a simple protocol to control the silica shell thickness is firstly optimized. The 
proposed procedure consists in the well-known hydrolysis and condensation of 
tetraethyl orthosilicate (TEOS) through an ethanol/ammonia/water system (Stöber 
process51). A great advantage of the Stöber procedure lies in its simplicity. However, 
by fixing the amount of Bi2O3 NPs and ammonia as catalyst for the reaction, and 
increasing only the amount of TEOS added to the reaction mixture, the formation of 
non-shelling SiO2 nanoparticles, in addition to the Bi2O3@SiO2 core-shell NPs, was 

also detected when the TEOS (L):Bi2O3 (mg) ratio was over 2, as evidenced in the 
SEM images and size distributions of Fig.14.  
 

a)                                                                                         b)                  

 

 

 

 

 

c)                                                                                         d)     
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In particular, in the case of a TEOS (L):Bi2O3 (mg) ratio equal to: 
- 2, no silica stand-alone NPs were observed (Fig.14 a, d, g), 
- 4, a certain amount of SiO2 NPs formed, with a mean size of 90 nm, corresponding 
to the 3% among sampled nanoparticles (N=700) (Fig.14 b, e, h), 
- 8, the percentage of silica Stöber NPs raised to 13% (Fig.14 c, f, i), over the statistical 
sampling on 700 NPs. Upon rising the TEOS amount, the size of the silica NPs (130 
nm) grows in parallel with the shell thickness. 
To overcome this drawback, a strategy consisting in subsequent additions of equal 

aliquots of 2 L of TEOS per mg of Bi2O3 NPs at fixed interval of 2 hours in the 
reaction solution was used to grow thicker silica shells. As can be observed in Fig. 15 

for a TEOS (L):Bi2O3 (mg) equal to 4, this procedure allowed to avoid the formation 
of silica nanoparticles resulting in well dispersed Bi2O3@SiO2 with homogenous silica 

shells. Fig.15 c and d represent the system after 2 subsequent additions of 2 L of 
TEOS per mg of Bi2O3 NPs, where any non-shelling SiO2 NPs can be observed. The 
huge difference in electronic density between Bi2O3 and SiO2 allows to easily 
distinguish the core and the shell of the nanoparticles by means of electronic 
microscopy, by simply employing the backscattered electrons (BSE) mode of FE-SEM 
(Fig.15 b, d). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.14 Effect of a single addition of equivalent volume of TEOS at once on the 
silica shell growth. (a, b, c) SEM images for a TEOS (μL):Bi2O3 (mg) ratio of 2, 4 
and 8 eventually showing the formation of non-shelling silica NPs (indicated by 

red arrows), (d, e, f) size distributions (N=700) eventually showing the presence of 
a second population of SiO2 NPs and (g, h, i) gaussian distributions of NPs, 

showing mean size of Bi2O3@SiO2 and SiO2 NPs, when present. 

130±2 nm 

250±1 nm 

90±9 nm 

210±1 nm 180 ± 1 nm 

SiO2 NPs   ̴3% SiO2 NPs   ̴13% 

500 nm 

500 nm 

500 nm 500 nm 

     a)                                                        b)                                                 c)                   

 

 

 

 

 

d)                                                   e)                                                     f) 

 
 

 
g)                                                   h)                                                      i) 
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Fig.15 Effect of subsequent additions of equivalent aliquots of TEOS on the silica 
shell growth. (a, b) Conventional secondary electrons (SE) and backscattered 
electrons (BSE) SEM images for a TEOS (μL):Bi2O3 (mg) ratio of 4. The red 

arrows evidence the silica NPs formed during the SiO2 shell growth on Bi2O3 NPs 
surface. (c, d) Representative SE and BSE SEM images of the silica shells grown 

on Bi2O3 NPs with two subsequent TEOS additions of 2 μL of TEOS per mg of 
Bi2O3 NPs. 

 
The control on the silica shell is investigated by stabilizing shells of six different 
thickness for both the Bi2O3 NPs synthetized by addition of NaOH and urea (with a 
mean size of 120 and 180 nm, respectively). The results are discussed by combining 
an experimental and theoretical approach. Representative FE-SEM and TEM images 

of the Bi2O3@SiO2 NPs obtained by a single addition of 2L of TEOS per mg of Bi2O3 
NPs are reported in Fig.16 a and b, showing the homogenous formation of the silica 
shell. Additional HR-TEM images of single particles with different silica shell 
thickness are shown in Fig.18. Fig.16c shows, as example, the distributions of the 
particles size with different silica shells for the Bi2O3 NPS prepared with NaOH, while 
Figure 16 d and e summarize representative images of the NPs as a function of the 
shell growth for the NPs synthetized by means of both urea and NaOH, respectively.  
The growth of silica shell on the surface of Bi2O3 NPs as a function of the silicon 
precursor (TEOS) added into the reaction can be modelled based on simple geometric 
considerations. Experimentally, the shell thickness can be calculated as difference 
between the average values statistically estimated from the SEM/TEM images of the 
shelled and unshelled Bi2O3 NPs. From the practical point of view, it is interesting to 
describe the SiO2 shell thickness growth (𝑡 ) on the Bi2O3 NPs for a fix number of 
NPs (fix weight of sample) as a function of the volume of TEOS added into the reaction 
mixture.  
A simple theoretical model can be developed considering the geometrical scheme 
enlarged in Fig.17: 
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𝑡 (mL ) = 𝑟 − 𝑟 =
3

4𝜋
𝑉 + 𝑟 − 𝑟                                      (1) 

 

where 𝑟  and 𝑟  represent the radius of the core NPs (Bi2O3) with and without the silica 
shell respectively, and the volume of the silica shell on a single Bi2O3 NP (𝑉 ) can 
be described based on chemical considerations as  
 

𝑉 =
𝑀 , ∙ 𝑑

𝑑 ∙ 𝑀 ,
∙

mL

𝑛
= 𝛼 ∙

mL

𝑛
                                   (2) 

 

where 𝑀 ,  and 𝑀 ,  are the molar masses of SiO2 and TEOS, respectively, 

𝑑  and 𝑑  are the densities of SiO2 and TEOS (these parameters can be grouped 

into a single value 𝛼=0.123) and 𝑛  is the total number of NPs in the reaction 
chamber.  
Fig.16f summarizes the results obtained from the statistical analysis of the SEM and 
TEM images to estimate the silica shell thickness as a function of the mL of TEOS 
added into the reaction ambient along with the theoretical curves from eq. 1, showing 
the good consistency between experiments and the theoretical model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.16 Fine control of the silica shell thickness on the Bi2O3 NPs surface. 
Representative SEM (a) and TEM (b) images of the core-shell Bi2O3@SiO2 

prepared by single addition of 2μL of TEOS per mg of Bi2O3 NPs synthetized by 
using urea. (c) Distributions of the diameter of the NPs as a function of TEOS 
(μL):Bi2O3 (mg) ratio (0, 1, 2, 4, 8 and 12) for the Bi2O3 NPs synthetized with 
NaOH. Representative SEM images of a single Bi2O3@SiO2 nanoparticle as a 

function of silica shell growth (increasing thickness from left to right) for Bi2O3 
prepared with (d) urea and (e) NaOH. (f) Experimental and theoretical shell 

thickness as a function of TEOS volume (mL) for a fixed amount of NPs (40 mg). 
Error bars represent the deviation of the mean value of three experiments. Inset: 

schematic geometrical representation used for the theoretical model of eq.1. 

500 
nm 

a)                                                  b)                                                                 c)                         

d)                                        

                                                                f) 

 

e)                                                                                                                        
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TEOS 

(μL):Bi2O3 
(mg) ratio 

NaOH CO(NH)2 

Th. 
(nm) 

Ex. 
(nm) 

Th. 
(nm) 

Ex. 
(nm) 

0.5 8 6 13 11 
1 15 14 24 23 
2 26 29 40 40 
4 42 44 65 67 
8 65 66 99 108 
12 81 86 123 131 

 
 

Fig.17 (left) Schematic geometrical representation used for the theoretical model of 
eq. 1, where 𝑟  and 𝑟  represent the radius of the core NPs (Bi2O3) with and without 
the silica shell respectively and tshell represents the thickness of the silica embedding 

layer. 

Table 2. (right) Theoretical and experimental values of the SiO2 shell thickness with 
regard to the corresponding TEOS (μL):Bi2O3 (mg) ratio. 

 

 
 

Fig.18 Representative HR-TEM single particle images for different SiO2 shell 
thickness for the Bi2O3 NPs prepared with NaOH (a-c) and urea (d-f). The 

numbers represent the TEOS (μL):Bi2O3 (mg) ratio (1, 2, and 8). 
 
Effect of temperature on the phase stabilization 

With the aim to analyse the effect of the silica shell thickness on the stabilization of 
the desired phase, the thermal treatment effect was investigated for a series of 
Bi2O3:Er@SiO2 NPs with increasing shell thickness, prepared with urea and doped 
with 2%at. of Er. Firstly, to select the suitable silica shell thickness, the system was 
studied by means of a combined thermal (differential scanning calorimetry, DSC), 
morphological (SEM) and structural (XRPD post DSC) analysis. The XRPD patterns 
of the systems after the DSC analysis to 770 °C (Fig.19 a, b) evidence the formation 
of a mixture of both cubic Bi4Si3O12 and tetragonal Bi2SiO5 when a shell of 11±2 nm 
or 23±1 nm is employed. In the case of the Bi2O3@SiO2 system with a silica shell of 
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40±2 nm, the pure tetragonal Bi2SiO5 phase, without the presence of peak coming 
from secondary phases, is obtained. In addition, as shown by the SEM images reported 
in Fig.19 c and d, the morphology of the NPs with a silica shell lower than 40 nm is 
completely lost after the thermal treatment while a silica shell of 40 nm allows to 
stabilize a single phase keeping the spherical morphology of the NPs. 
This preliminary thermal/structural investigation suggests an optimal silica shell 
thickness of about 40 nm. Therefore, the structural study was performed by fixing this 
parameter.  
 

 
 

Fig.19 (a) DSC curves, (b) XRPD patterns and (c, d, e) SEM images of the 
Bi2O3:Er@SiO2 NPs with different silica shell thickness (11±2 nm, 23±1 nm and 

40±2 nm) after the DSC analysis. 
 
Temperature dependence of in-situ synchrotron radiation XRPD analysis on an 
undoped Bi2O3@SiO2 core-shell sample shows the stabilization of the monoclinic 𝐶𝑐 
crystal structure at room temperature (see Fig.20) in agreement with the investigation 
on bulk by Taniguchi et al.52 It is interesting to note how, during the heating stage, the 
system evolves through the stabilization of the 𝐼4/𝑚𝑚𝑚 structure (at 500 °C), a phase 
typically stabilized at ambient temperature by doping53. Taniguchi et al.54 
demonstrated the vanishing of the ferroelectric phase transition typical of undoped 
Bi2SiO5 with increasing the La substitution due to the change in the orientation of SiO4 
tetrahedra with a consequent disorder in the SiO4 chains. The loss in the chains order 
is demonstrated to stem from the loss of the stereochemical activity of Bi3+ 6s2 lone 
electron pairs that bridge the SiO4 tetrahedra to keep the chain order. 
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Fig.20 In-situ temperature dependent synchrotron radiation XRPD patterns 
(λ=1.12576 Å) of the undoped Bi2O3@SiO2 system with a shell of about 40 nm. 

 
With 40 nm shell, the effect of different thermal treatments was analysed by means of 
XRPD analysis also for a sample doped with 2%at. of Er, as summarized in Fig.21a. 
The treatment at 400°C results in the stabilization of pure β-Bi2O3 tetragonal phase. 
The stabilization of this metastable phase is driven by the Er3+ doping7. When the 
temperature is raised to 500 °C, the reaction between Bi2O3 and the SiO2 shell begins 
and the stabilization of Bi2SiO5 is promoted. However, the small peak at about 28° 
attests the presence of a small fraction of unreacted Bi2O3. From 600°C, the pure 
tetragonal Bi2SiO5 phase with 𝐼4/𝑚𝑚𝑚 space group (SG) is stabilized. Fig.21b shows 
the Rietveld refinement fit performed on the sample treated at 700 °C. The difference 
in the phase stabilization with respect to the undoped sample (𝐶𝑐 SG) stems from the 
doping effect53,54. The effect of the thermal treatment on the morphology of the system 
is investigated by means of FE-SEM and HR-TEM analysis. Fig.21c shows 
representative HR-TEM images of a single particle of the Bi2O3:Er@SiO2 system at 
different temperatures. During the phase transformation from the as-prepared 

Bi2O3:Er@SiO2 to -Bi2O3:Er@SiO2 at 400 °C and then to Bi2SiO5:Er@SiO2 at higher 
temperatures, the spherical morphology of the NPs is kept (Fig.21 d and e show, as 
example, SEM images of the sample after thermal treatment at 400 °C and 700 °C, 
respectively). However, the HR-TEM images evidence an interesting evolution of the 
core; when the temperature increases, the dense core of the as-prepared system 
becomes gradually of low-density and finally, from 600 °C, the core is emptied and 
the NPs turn into a double layered-shell Bi2SiO5:Er@SiO2 hollow nanosystem. This 
transformation stems from the proposed strategy that does not only consist in the 
encapsulation of the active Bi2SiO5 part into the silica shell, but it involves an in-situ 
reaction between the Bi2O3 core and the silica shell.  
An additional evidence of the hollow nature of the system comes from the comparison 
of the local EDS spectra recorded from the SiO2 shell, the Bi2SiO5:Er layer and the 
centre of the hollow particle (Fig.22). The spectra confirm the presence of bismuth and 
erbium only in the inner part of the NP. The EDS measurements were performed by 
fixing the acquisition time. Therefore, the lower intensity of the EDS spectra from the 
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centre of the NP with respect to the Bi2SiO5:Er layer (circles 3 and 2 in Fig.22, 
respectively) corroborates the hollow nature of the NPs. This unusual double layered 
Bi2SiO5@SiO2 hollow nanoarchitecture induced by the thermal treatment is driven by 
the high diffusion of bismuth into silica3,4, promoting the reaction from the core to the 
shell. It is interesting to remember that such property is widely exploited in the 
macroscopic world to produce lead-free low melting sealing agents for hermetic 
windows and modules. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.21 Study of thermal effect on the structural and morphological properties 
during the Bi2O3:Er@SiO2 NPs: Bi2SiO5:Er@SiO2 transition: (a) Temperature 

dependent XRPD patterns and (b) Rietveld refinement of the nanosystem annealed 
at 700 °C. (c) HR-TEM images of a single particle as a function of thermal 

treatment at different temperatures from 400 to 700°C, SE and BSE SEM images 
of 2%at. Er3+-doped Bi2O3:Er@SiO2 treated at (d) 400 °C and (e) 700 °C. 

 

 
 

Fig.22 HR-TEM image (left) and EDS spectra (right) recorded for the 
Bi2SiO5:Er@SiO2 sample treated at 700 °C: (1) SiO2 shell, (2) Bi2SiO5:Er layer 

and (3) the centre of the hollow particle. 

500 nm 

500 nm 

a) c)         
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5.1.3 Optical characterization 
With the aim to assess the suitability of the investigated nanosystem for the realization of a 
new class of UC nanophosphors, the emission properties and the resulting colour output 
tunability were investigated by doping with different sets of lanthanide ions typically used in 
upconverting systems: Yb3+ and one or more among Er3+, Ho3+ and Tm3+ ions. 
Fig.23 a, b and c and Fig.24 a, b, c and d show the upconverting PL emission spectra 
of the Ln3+-doped samples, recorded in the visible range by exciting at 977 nm at room 
temperature. 
When doping with the ion pair Yb-Er (Fig.23a), the spectrum is composed by the green 
emissions due to the 2H11/2→4I15/2 and 4S3/2→4I15/2 transitions and the red emission due 
to the 4F9/2→4I15/2 transition of Er3+. In the case of Yb-Tm (Fig.23b), the much more 
intense NIR emission due to the 3H4→3H6 transition dominates over the less intense 
emissions in the blue and red regions of the visible spectrum, attributable to 1D2→3F4, 
1G4→3H6 and 1G4→3F4 transitions of Tm3+, respectively. Instead, when doping with the 
ion pair Yb-Ho (Fig.23c), the spectrum is dominated by the red emission of Ho3+ due 
to the 5F5→5I8 transition, while less intense emission can be observed in green and far 
red regions of the spectrum, corresponding to the 5S2,5F4→5I8 and 5S2,5F4→5I7 
transitions, respectively. For the energy level diagrams of each doping pair see Fig. 
16, 17 and 18 in Chapter 2. Fig.24 a, b, c, and d represent the emission spectra of 
upconverting NPs doped with multiple combinations of Ln3+ ions, i.e. Yb-Er-Tm, Yb-
Ho-Tm and Yb-Er-Ho-Tm, each presenting the characteristic emission features of each 
specific Ln3+ ion hosted in the crystalline matrix.  
The upconverting nature of the transitions is confirmed by means of the log-log plot 
in Fig.23 d, e and f, for Yb-Er, Yb-Tm and Yb-Ho co-doped systems, respectively. In 
fact, it is often assumed that the order n of the upconversion process, i.e., the number 
n of photons required to pump the electron from the ground state to the emitting state, 
is indicated by the slope of the luminescence intensity versus pump power in double-
logarithmic representation. Generally, a measured slope of x is indicative of an 
upconversion process that involves at least n photons, where n is the smallest integer 
greater than x (or equal to it if x is an integer)55. The results here obtained allowed for 
the interpretation of a measured intensity-versus-power dependence of multiphoton-
excited luminescence, with respect to the order of the process. All the transitions 
investigated are ascribable to second order excitation processes, corresponding to two 
pump photons required to excite the specific emitting state (i.e. 2H11/2, 4S3/2 and 4F9/2 

for Er3+, 3H4 for Tm3+ and 5S2, 5F4, 
5F5 for Ho3+, respectively), except for the emissions 

from 1D2 and 
1G4 levels of Tm3+ ions, which are third order excitation processes, 

meaning that three photons are required to populate these excited states. 
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Fig.23 UC PL spectra (a, b, c) and double logarithmic plot (d, e, f) with linear fit 
of the luminescence intensity versus pump power to determine the order of the 

upconversion excitation processes, of Yb-Er, Yb-Tm and Yb-Ho co-doped 
Bi2SiO5@SiO2 NPs, respectively. Capital letters represent the transitions of 

Er3+ (A: 2H11/2 → 4I15/2; B: 4S3/2 → 4I15/2; C: 4F9/2 → 4I15/2), Tm3+ (D: 1G4 → 3H6; 
E: 1G4 → 3F4; F: 3F2,3 → 3H6; G: 3H4 → 3H6) and Ho3+ (H: 5S2,5F4 → 5I8; 

I: 5F5 → 5I8; J: 5S2,5F4 → 5I7). 
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Fig.24 UC PL spectra (a, b, c, d) of Bi2SiO5@SiO2 NPs doped with multiple 
combinations of Ln3+ ions, i.e. Yb-Er-Tm, Yb-Ho-Tm and Yb-Er-Ho-Tm, 

respectively. Capital letters represent the transitions of Er3+ (A: 2H11/2 → 4I15/2; 
B: 4S3/2 → 4I15/2; C: 4F9/2 → 4I15/2), Tm3+ (D: 1G4 → 3H6; E: 1G4 → 3F4; 

F: 3F2,3 → 3H6; G: 3H4 → 3H6) and Ho3+ (H: 5S2,5F4 → 5I8; I: 5F5 → 5I8). 
 

The CIE diagram, including the relative picture under 977 nm diode exposure, 
represented in Fig.25, demonstrates how easily controlled was the colour output, 
simply by acting on the choice and relative concentration of dopants. It is worth noting 
the bright emission originating from the irradiated samples and, in view of the 
realization of a white-emitting LED, the remarkable result obtained with the triple-
doped sample, i.e. Yb-Er-Tm with at.% of 6, 1 and 0.5, respectively. Table 3 
summarizes the CIE colour coordinates (x,y) of the samples under 977 nm excitation. 
Fig.26 a, b, and c show the diffuse reflectance spectrum and the Kubelka–Munk 
function of the Yb-Er, Yb-Tm and Yb-Ho co-doped samples, respectively. The 
absorption peaks of the lanthanide ions Er3+, Tm3+ and Ho3+, labelled with capital 
letters, are clearly detectable in the inset. Considering the Kubelka– Munk function 
F(R) and the direct bandgap nature of Bi2SiO5, the bandgap energy of the three samples 
was estimated by extrapolating the intercept of the fitted straight line at F(R)=0 in the 
(F(R)·hν)2 versus hν plot (Fig.26 d, e, f). An energy value of about 3.85 eV was 
obtained for all the samples, in the range of the typical values reported for Bi2SiO5

9,56, 
stating that the choice of dopants did not affect the bandgap energy of the material. 
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Fig.25 CIE diagram for all the Ln3+-doped Bi2SiO5@SiO2 NPs produced, 
including the relative picture under 977 nm diode exposure. The white-light 

emitting sample corresponds to the triple doping Yb-Er-Tm with at.% of 6, 1 and 
0.5, respectively.  

 
Dopants (at.%) x y 

Er2 0.30259 0.65077 
Yb6 Er1 0.34315 0.59561 

Yb6 Tm0.5 0.23032 0.15257 
Yb6 Ho1 0.64726 0.33147 

Yb6 Er0.5 Tm0.5 0.30774 0.46051 
Yb6 Er1 Tm0.5 0.27142 0.34246 

Yb6 Ho1 Tm0.5 0.59732 0.30463 
Yb6 Er0.5 Ho0.5 Tm0.5 0.54899 0.41230 

 

Table 3. CIE coordinates for all the Ln3+-doped Bi2SiO5@SiO2 NPs produced. 
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Fig.26 Diffuse reflectance spectra (a, b, c) of Yb-Er, Yb-Tm and Yb-Ho co-doped 
Bi2SiO5@SiO2 NPs, respectively, with the Kubelka–Munk function (inset) and 

bandgap estimation (d, f, e) as the intercept of the fitted straight line at F(R)=0 in 
the (F(R)·hν)2 versus hν plot. Capital letters represent the transitions of Er3+  (A: 
4I15/2→2F7/2, B: 4I15/2→2H11/2, C: 4I15/2→4S3/2, D: 4I15/2→F9/2, E: 4I15/2→4I9/2), Tm3+ 
(F: 3F4→1D2, 

3H6→1G4, G: 3F4→1G4, H: 3H6→3F2,3, I: 3H6→3H4 ), and Ho3+ (J: 

5I8→5G5, K: 5I8→5G6, L: 5I8→5F3, M: 5I8→5S2, 5F4, N: 5I8→5F5). 
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5.2 Bi2SiO5:Nd3+@SiO2 core-shell 
luminescent NPs 

Nd3+‐doped NPs are able to emit NIR light under excitation with a low‐cost diode laser 
and thus are regarded as excellent luminescent nanoprobes for various applications in 
the biological field57-63.  
In this case, Bi2SiO5:Nd3+@SiO2 NPs were synthetized following a procedure like that 
described in Section 5.1.1 for Ln3+-doped Bismuth silicate nanoparticles, namely by 
using sodium hydroxide as the precipitating agent and doping the crystal lattice with 
the desired at.% of Nd3+ ions.  

 
5.2.1 Sample preparation 
 

Materials 

Bismuth(III) nitrate pentahydrate (Bi(NO3)3· 5H2O, 99.9%), Neodymium(III) nitrate 
hexahydrate (Nd(NO3)3· 6H2O, 99.9%), sodium hydroxide (NaOH, >99%), ethylene 
glycol (EG, 99.8%) and tetraethyl orthosilicate (TEOS, 98%) were purchased from 
Sigma Aldrich. Poly(vinylpyrrolidone) (PVP, Mw = 40000) was obtained from Fluka 
Analytical.  Nitric acid (HNO3, 65%) and Ammonia solution (NH3, 30%) were 
purchased from Carlo Erba.  
All the chemicals were reagent grade and used without further purification. 

Synthesis of Bi2SiO5:Nd3+@SiO2 nanoparticles 

The synthetic procedure was very similar to that employed for Bi2SiO5:Ln@SiO2  (see 
Section 5.1.1). Firstly, Nd3+-doped Bi2O3 NPs were synthetized via a hydrothermal 
route. In a typical synthetic process, Bi(NO3)3· 5H2O and Nd(NO3)3· 6H2O solutions 
(75 mM) were prepared by dissolution of the respective salts in HNO3 1 M. The two 
solutions were mixed with a ratio based on the relative dopant concentration chosen, 
to a final volume of 20 mL, then PVP40 (7.5 μmol) was added under magnetic stirring. 
Separately, NaOH (5.4 mmol) was dissolved in EG (100 mL). Finally, the second 
solution was slowly poured into the first one. The mixture was stirred for a short time 
and then transferred into a stainless-steel autoclave with a Teflon liner. The autoclave 
was sealed and maintained at 150° C for 3.5 h. The obtained products were centrifuged 
and washed 3 times with deionized water, once with mixed ethanol and water and once 
with ethanol only.  Different dopant concentrations were tested (0.5, 1, 2, 5 %at.), to 
investigate the effect on both the crystalline structure and on the optical properties of 
the material. 
For thin silica coating on the surface of the particles, we followed the same procedure 
reported in Section 5.1.1. Finally, Bi2O3:Nd@SiO2   particles were calcined at 700°C 
for 2 h in air atmosphere to obtain the desired crystalline phase. 
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5.2.2 Morphological and structural analysis 
Hydrothermal synthesis Bi2SiO5:Nd@SiO2 NPs: the effect of the 
dopant concentration 

With the aim to assess the effect of increasing atomic percentage of dopant substituted 
in the crystal lattice, FE-SEM images of the different samples were collected. All the 
NPs appeared to be spherical in shape and no evident differences in size or morphology 
were observed between the various samples of the (Bi1-xNdx)2O3 series with x=0.005, 
0.01, 0.02 and 0.05. Statistical analysis of FE-SEM images was conducted to estimate 
the size distribution of the NPs. As reported in Table 4, the mean size of the (Bi1-

xNdx)2O3 NPs, was very similar and of about 120 nm, regardless of the amount of 
dopant, and the size of all the particles of the series homogeneously increased of about 
30/40 nm after silica coating, meaning that an inert shell about 15/20 nm thick formed 
to embed the active core, as expected in agreement with what experienced for Ln3+-
doped Bismuth silicate nanoparticles in the previous Section (5.1.2). It is worth noting 
that no uncoated bismuth oxide core was observed. Also, the thermal treatment did not 
induce any significant differences between the mean size of the various samples of this 
set. 
As shown in Fig.27 a, the size distribution bells of the (Bi1-xNdx)2O3 samples are all 
gaussian in shape, almost equally centered, and only a slight difference in FWHM 
could be appreciated, meaning that the populations of the less (x=0.005) and most 
(x=0.05) doped samples are moderately less homogeneous. 
As an example, FE-SEM images and corresponding size distribution histograms of 
Bi2O3, Bi2O3@SiO2 and Bi2SiO5@SiO2 samples, with a 2%at. content of Nd3+ are 
reported in Fig.28. 
EDX analysis was performed to examine the chemical composition of the starting 
Bi2O3 nanoparticles with a 2%at. content of Nd3+. The spectrum in Fig.27b shows the 
presence of Bi, O, Nd, Al (from the sample holder) and C (from carbon tape) elements. 
The signal of Nd, even if relatively low, suggests the successful doping of Nd3+ into 
Bi2O3 host. 
 
Nd %at. Bi2O3 NPs (nm) Bi2O3@SiO2 NPs (nm) Bi2SiO5@SiO2 NPs (nm) 

0.5 121 ± 27 162 ± 30 166 ± 23 

1 117 ± 19 163 ± 25 167 ± 21 

2 117 ± 21 161 ± 29 164 ± 22 

5 125 ± 31 155 ± 25 156 ± 24 
 

Table 4. Mean size of Bi2O3, Bi2O3@SiO2 and Bi2SiO5@SiO2 NPs by increasing the 
atomic percentage of Nd3+ dopant ions substituted in the crystal lattice. 
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Fig.27 (a) Size distribution gaussian bells for the four samples of the (Bi1-xNdx)2O3 

series with x=0.005, 0.01, 0.02 and 0.05; (b) EDX spectrum of Bi2O3 NPs with a 
2%at. content of Nd3+. 

 

 
 

Fig.28 FE-SEM images (a, b, c) and corresponding size distributions (N=700) (d, 
e, f) of Bi2O3, Bi2O3@SiO2 and Bi2SiO5@SiO2 samples, with a 2%at. content of 

Nd3+. 
 
The X-ray powder diffraction patterns (XRPD) of the substituted compound with 
composition (Bi1-xNdx)2SiO5 with x=0.005, 0.01, 0.02 and 0.05 are given in Fig.29a. 
As it can be observed, the substituted phase presents a different structure than that of 
the parent undoped compound. The tetragonal form of Bi2SiO5 was fully stabilized by 
substitution of Bi3+ by Nd3+, with a minimum 1%at. content, after recrystallization of 
a glass form with the same composition, while the undoped Bi2SiO5 pattern can be 
indexed to the orthorhombic space group Cmc21. The (Bi1-xNdx)2SiO5 patterns looks 
slightly different, with the disappearance of some reflexions, indicating that a small 
doping on the Bi3+ site is likely to induce a symmetry increase. In first approximation, 
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the pattern of (Bi0.98Nd0.02)2SiO5 NPs (Fig.29b) can be indexed to a body-centred 
tetragonal space group (ICSD#245035), as previously reported by Georges et al. for 
La3+ substituted Bi2SiO5

53. Doping up to 5%at., other additional peaks are observed, 
attributable to the presence of a small percentage of a SiO2 polymorph, i.e. cristobalite, 
matching with ICSD card #010760941. The quite broad diffraction peaks may be due 
to the crystallization from a glassy phase, that leads to very small crystallographic 
coherent domains.  
 

 

 
 
 
 
 
 
 
 
 
 
 

Fig.29 XRPD patterns of (a) the synthetized Bi2SiO5 nanoparticles, with different Nd3+ 
content and (b) (Bi0.98Nd0.02)2SiO5 NPs compared to the corresponding 

ICSD#245035 crystal structure. 

 
5.2.3 Optical characterization 
In neodymium-doped luminescent materials, luminescence brightness is strongly 
dependent on Nd3+ concentration64-66. Indeed, the luminescent brightness of Nd3+-
doped systems is traditionally calculated as the [Nd3+]·Φlum product, in which [Nd3+] 
is the neodymium concentration and Φlum is the emission quantum yield (that 
corresponds to the fraction of excited Nd3+ ions that de-excite through radiative 
transitions)67. As a consequence of concentration quenching, both cross-relaxation and 
energy migration processes between Nd3+ ions make Φlum decrease with increasing 
Nd3+ concentration. This leads to the existence of an optimum Nd3+ concentration 
maximizing the luminescence brightness.   
From photoluminescence spectra collected at room temperature reported in Fig.30a, it 
is possible to elucidate the influence of the Nd3+ content on the luminescence 
brightness. PL intensity of Nd3+:Bi2SiO5@SiO2 NPs (obtained under the same 590 nm 
excitation power) was maximum for the 2%at. dopant content NPs.   Indeed, integrated 
PL intensity increased with the Nd3+ concentration until 2%at., due to the absence of 
relevant energy transfer processes, while suddenly dropped in the case of 5%at. content 
(Fig.30b). As previously reported for other neodymium-doped luminescent systems, 
this is due to cross-relaxation processes and concentration-activated energy migration, 
that increase the nonradiative decay rate68.  
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As a consequence, also in agreement with the XRD results on the crystalline phase, 
we focused our attention to 2%at. doped Nd3+:Bi2SiO5@SiO2 NPs. It should be noted 
here that probably the passive SiO2 coating plays an important role by minimizing the 
possible quenching of Nd3+ fluorescence caused by surface defects that would occur 
in non-shielded active cores69.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.30 (a) PL spectra and (b) integrated intensities of 4F3/2 → 
4I9/2 transition 

relative to the various samples of the (Bi1-xNdx)2O3 series with x=0.005, 0.01, 0.02 
and 0.05, where the dots represent experimental data and dashed lines are added 

as a guide for the eye. 

 
Emission and excitation spectra of 2%at. doped Bi2SiO5:Nd@SiO2 sample are 
simultaneously reported in Fig.31a. Under 590 nm light excitation, at room 
temperature, these nanoparticles show a very intense Nd3+ emission band at around 
890 nm, within the first biological window, relative to the 4F3/2 → 

4I9/2 transition. On 
the other hand, the excitation spectrum shows every absorption line relative to Nd3+ 
doped Bi2SiO5@SiO2, as schematically reported in the energy level diagram in 
Fig.31b. 
Fig.32a shows the diffuse reflectance spectrum and the Kubelka–Munk function of the 
(Bi0.98Nd0.02)2SiO5 sample, in which the absorption peaks of Nd3+ are clearly 
detectable. Considering the Kubelka–Munk function F(R) and the direct bandgap 
nature of Bi2SiO5, previously described with first-principles calculations of the band 
structure by Kuwabara et al.70, Park et al.71 and Zhang et al.72, the bandgap energy was 
estimated by extrapolating the intercept of the fitted straight line at F(R)=0 in the 
(F(R)·hν)2 versus Energy (hν) plot (Fig.32b). An energy value of 3.75 eV was obtained 
for the sample, in agreement with typical values reported for Bi silicates73-75. 
 
 

 
 
 
 
 

a)                                                                                              b) 

4F3/2 → 
4I9/2 
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Fig.31 (a) Emission (blue line) and excitation (red line) spectra of 
(Bi0.98Nd0.02)2SiO5 NPs and (b) Nd3+ schematic energy level diagram with typical 

absorption and emission lines indicated as red and blue arrows, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.32 (a) Diffuse reflectance spectra with the Kubelka–Munk function (inset) and 
(b) Tauc plot for the bandgap estimation of (Bi0.98Nd0.02)2SiO5 NPs. 

 
5.3 Bi4Si3O12:Nd3+@SiO2 core-shell 

luminescent NPs 

As seen in Chapter 4, the Bi2O3-SiO2 binary system (Fig.1, Chapter 4) mainly consists 
of three different compounds76, depending on the molar ratio betweeen the two oxides 
and on the crystallization temperature, each with a distinctive crystalline phase: the 
sillenite Bi12SiO20, the eulytite Bi4Si3O12 and the metastable Bi2SiO5. 
Bi4Si3O12 has previously been investigated as phosphor host77-82, but only few works 
report on the synthesis of this compound at the nanoscale. However, none of them 
suggests its application with multi-modal imaging or optical thermometry purposes. 
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5.3.1 Sample preparation 
In this case, Bi4Si3O12:Nd3+@SiO2 NPs were synthetized following the same three-
steps procedure described in the previous Section for Bi2SiO5@SiO2 Nd3+-doped 
nanoparticles (5.2.1). Namely, the synthesis of Nd3+-doped Bi2O3 NPs via a 
hydrothermal route, the coating with a 40 nm thick SiO2 shell to embed and protect the 
active cores from the surrounding environment and reduce surface quenching effects, 
and finally a thermal treatment. As presumed from the Bi2O3-SiO2 binary system, 
different temperatures were tested, i.e. 800°C, 900°C and 1000°C. The dopant content 
was fixed at 2%at., since that had previously showed maximum PL intensity and little 
concentration quenching effect. 

 
5.3.2 Morphological and structural analysis 
The powder diffraction patterns (XRPD) of the substituted compound with 
composition (Bi0.98Nd0.02)4Si3O12, calcined at different temperatures are given in 
Fig.33a. As it can be observed, the 800°C thermal treatment induces the crystallization 
of the tetragonal form of Bi2SiO5, the same observed in the previous section when 
calcining at 700°C. The pattern of the sample calcined at 900°C looks completely 
different, with the disappearance of the Bi2SiO5 reflexions, substituted by Bi4Si3O12 

peaks. On the other hand, when calcined at 1000°C other additional peaks are 
observed, attributed to a small percentage of another minor phase, i.e. tetragonal SiO2. 
The pattern of (Bi0.98Nd0.02)4Si3O12 NPs calcined at 900°C (Fig.33b) can be indexed to 
a cubic structure with the I-43d space group (ICSD#84519). At this temperature the 
crystal phase is pure, and the current doping level does not cause any peak shift or 
second phase reflections. 
 

 

Fig.33 XRPD patterns of (a) Bi2O3:Nd3+@SiO2 NPs calcined at different 
temperatures: 800°C (purple line), 900°C (red line) and 1000°C (orange line), 

respectively; (b) Bi4Si3O12:Nd3+@SiO2 nanoparticles, with a 2%at. Nd3+-content 
and compared to the Bi4Si3O12 crystal structure (ICSD#84519).  

 
 



109 
 

FE-SEM images in Fig.34 (a, b, c) show the samples calcined at 800 °C, 900°C and 
1000°C, respectively. Fig.34b clearly points out that the thermal treatment at 900°C, 
despite leading to the crystallization of the desired phase, has a detrimental effect on 
the separation and morphology of the nanoparticles, causing a certain grade of 
aggregation that begins already at 800°C. At 1000°C the complete aggregation of the 
NPs occurs, leading to the formation of clusters with size of the order of micrometers. 
This can be due to the fact that the phase transition process may pass through a glassy 
molten phase, that leads to the coalescence between adjacent nanoparticles. 
 
 
 
 
 
 
 
 
 
 
 

Fig.34 FE-SEM images of Bi2O3:Nd3+@SiO2 NPs with a 2%at. content of Nd3+, 
calcined at different temperatures: 800°C (a), 900°C (b) and 1000°C (c), 

respectively. 

 
5.4 Nd3+-doped Bi12SiO20 

Bi12SiO20 crystals doped with RE3+ ions gained great attention because of favorable 
photoconductive, photorefractive, electro-optic and magneto-optic properties83-85. 
Particular interest has been focused on the influence of different doping ions to 
optimize the optical properties on the basis of practical applications86,87. In fact, 
intrinsic defects, as well as impurity doping, play an important role in the optical 
behavior of materials88.  
The three-steps synthetic route adopted to obtain the other two BSO phases, 
respectively Bi2SiO5 (5.2.1) and Bi4Si3O12 (5.3.1), proved to be inefficient for the 
synthesis of the Bi12SiO20 crystalline phase. Thus, we decided to produce it in the bulk 
form.  
Bi12SiO20 materials are usually synthesized in the form of single crystals by the 
Czochralski method87,89-95. The reported wet chemical routes comprise the 
hydrothermal method96, the sol–gel process97,98, the impregnation method99 and the 
solution crystallization method100. Similarly, also the molten state method is very 
common101,102. Little is reported on solid phase reaction synthesis90, and as far as we 
know, it has not yet been reported the use of Bi12SiO20 as a luminescent sensor for 
contactless thermometry to probe, for instance, the dissipations in situ of integrated 
chips or to follow the catalytic reactions41.  
 

500 nm 10 μm 500 nm 

a)                                              b)                                              c) 
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5.4.1 Sample preparation 
Materials 

Bismuth oxide powder (Bi2O3, 99.9%, size 10 μm), silicon dioxide powder (SiO2, 
99.8%, size 44 μm), Neodymium(III) nitrate hexahydrate (Nd(NO3)3· 6H2O, 99.9%), 
purchased from Sigma-Aldrich, and ethanol (CH3CH2OH, 99.8%, Fluka) were of 
analytical grade and used without further purification. The oxide powders were dried 
in an air oven before the preparation of the samples. 

Synthesis of Bi12SiO20 powders 

Bi2O3 and SiO2 powders were dried and weighed following the molar ratio of 6:1. The 
powders were mixed using a quartz ball milling machine and then uniaxially pressed 
with a compression force of about 60 kN, in the form of tablets (d=20 mm, h=3mm). 
A Nd(NO3)3· 6H2O stock solution, with fixed molarity, was prepared by dissolving 
the salt in a certain amount of ethanol. The Nd3+-doped sample was then prepared 
simply by adding the proper volume of the stock solution to the oxide powders, 
followed by wet-mixing in a quartz jar. Sintering was carried out in air in a chamber 
furnace (Ashing Furnace AAF, with a Carbolite Gero 301 controller), with a heating 
rate of 10°C/min. As reported by Fu et al.90, the solid-phase reaction between 
monoclinic α-Bi2O3 and hexagonal SiO2 is a diffusion-controlled process, and the 
reaction is affected by both temperature and time. In this case we kept the same 
duration for each heat treatment, while varying the final temperature. 

 
5.4.2 Morphological and structural analysis 
The X-ray powder diffraction patterns (XRPD) of mixed oxide powders, calcined at 
different temperatures are given in Fig.35a. As it can be observed, the patterns relative 
to thermal treatments at temperatures ≤500°C correspond to the monoclinic structure 
of Bi2O3. At 500°C only a small percentage of Bi12SiO20 starts to appear. With 
increasing temperatures (600-700°C) this fraction rises, while Bi2O3 reflections tend 
to disappear. The pattern of the sample calcined at 750°C can be indexed to a body 
centred cubic structure with the I-23 space group (ICSD#28443) (Fig.35b). At this 
temperature the crystal phase is pure, and the current doping level does not cause any 
peak shift or second phase reflections. The elementary cubic cell consists of two 
structural units, SiO4 tetrahedral (located at the corners and centre of the cube) and 
BiOn distorted octahedra (n = 7) connecting the SiO4 groups. It has been previously 
determined that Ln3+ ions, in particular Nd3+ ions, occupy six-fold oxygen 
coordination Bi3+ distorted crystallographic sites with C1 symmetry103. Some authors, 
however, have reported the presence of a quite different additional Nd3+ centre whose 
crystal field symmetry is nearly cubic104. 
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Fig.35 XRPD patterns of (a) Bi2O3-SiO2 powders sintered at increasing 
temperatures, compared to the α-Bi2O3 (ICSD#411449) and Bi12SiO20 crystal 

structures (ICSD#28443), (b) Bi12SiO20:Nd3+ bulk powders, with a 2%at. Nd3+-
content compared to the Bi12SiO20 crystal structure (ICSD#28443).  

 
5.4.3 Optical characterization 
Emission and excitation spectra of the 2%at. Nd3+-doped Bi12SiO20 sample are 
reported in Fig.36a. Under 590 nm light excitation, at room temperature, this material 
shows an intense Nd3+ emission band at around 900 nm, within the first biological 
window, relative to the 4F3/2→4I9/2 transition, while 4F5/2→4I9/2 transition at 810 nm 
results extinguished at room temperature. Moreover, two characteristic emission bands 
are visible in the NIR region: 

4F3/2→4I11/2 at about 1080 nm and 4F3/2→4I13/2 around 
1350 nm, respectively. The excitation spectrum shows various absorption lines relative 
to Nd3+

 as schematically reported in the energy level diagram in Fig.36b.   
The comparison between spectral shapes of the three different Nd3+-doped bismuth 
silicate (BSO) phases is reported in Fig.37. As it can be observed although the spectral 
shapes are similar, each phase owns its characteristic features that potentially allow to 
qualitatively distinguish the different crystal structures.   
Fig.38a shows the diffuse reflectance spectrum and the Kubelka–Munk function of the 
(Bi0.98Nd0.02)12SiO20 sample, in which the absorption peaks of Nd3+ are clearly 
detectable. Considering the Kubelka–Munk function F(R) and the indirect bandgap 
nature of this semiconductor100, the bandgap energy was estimated by extrapolating 
the intercept of the fitted straight line at F(R)=0 in the (F(R)·hν)1/2 versus Energy (hν) 
plot (Fig.38b). An energy value of 2.9 eV was obtained for the sample, in agreement 
with typical values reported for Bi12SiO20
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Fig.36 (a) Emission (blue line) and excitation (red line) spectra of 
(Bi0.98Nd0.02)12SiO20 NPs and (b) Nd3+ schematic energy level diagram with typical 

absorption and emission lines indicated as red and blue arrows, respectively. 
 

 

 

Fig.37 Spectral shapes of the three different Nd3+-doped BSO compounds: Bi2SiO5 
(blue line), Bi4Si3O12 (red line) and Bi12SiO20 (black line). 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 38 (a) Diffuse reflectance spectra with the Kubelka–Munk function (inset) and 
(b) Tauc plot for the bandgap estimation of (Bi0.98Nd0.02)12SiO20 powders. 

4 G
7/

2 
+ 

2 K 13
/2

 +
 4 G

9/
2 

2 G
7

/2
 

4 G
5

/2
 

2 H 11

/2
 

4 F 9

/2
 

4 S 3

/2
 

4 F 7

/2
 

4 F 5

/2
 

2 H
9/

2 
4 F 3

/2
 

4I9/2 

4 F 3/
2 

   
   

   
   

4 I 9/
2 

λem= 1066 nm 
λex = 590 nm 

4 F 3/
2 

   
   

   
   

4 I 11
/2

 

4 F 3/
2 

   
   

   
   

4 I 13
/2

 

 a)                                                                                               b) 

a)                                                                                          b)                      



113 
 

5.5 Conclusions 
In this Chapter, we have discussed the synthesis of highly monodispersed Ln3+ doped 
Bi silicate UCNPs obtained through a three steps strategy: synthesis of Ln-doped Bi2O3 
NPs, silica coating on the NPs surface and finally a thermal treatment to obtain the 
desired BSO crystalline phase. 
The main purpose of this study was to obtain homogeneous nanophosphors with 
improved control over chromaticity output.  We investigated various synthetic 
parameters, such as the precipitant and the capping agent to be added during the 
hydrothermal synthesis, the optimal concentration of dopants, the thickness of the 
silica coating and the calcination temperature, to obtain upconverting Ln-doped 
Bi2SiO5@SiO2 NPs of the desired size and shape. 
We showed the structural and morphological evolution of this core-shell nanosystem, 
demonstrating (i) the stabilization of the metastable Bi2SiO5 phase triggered by the 
local reactivity between Bi2O3 and SiO2 and (ii) the unexpected formation of a unique 
double layered Bi2SiO5@SiO2 hollow nanosystem, composed by a crystalline Bi2SiO5 
core and a glassy silica shell. Moreover, we evidenced a difference in the crystalline 
phase stabilization between the doped and undoped samples, belonging to different 
space groups, that arises from the doping effect. 
The successful incorporation of lanthanide ions promoted the activation of PL 
emission in the VIS range under near-IR excitation. Thus, we investigated the UC PL 
properties of the system, showing the possibility to finely control of the chromaticity 
output in the whole CIE diagram by means of an accurate choice of the type and 
relative concentration of lanthanide ions. 
Moreover, NIR-emitting Bi2SiO5@SiO2 and Bi4Si3O12@SiO2 NPs were synthetized 
following the same three-steps procedure, by doping instead with Nd3+-ions. In this 
case, during the last step, the nanoparticles were calcined at different temperatures, 
700 and 900 °C respectively, to obtain the two different crystalline phases. However, 
the thermal treatment at a higher temperature had a side effect, causing the coalescence 
and consequent aggregation of the nanoparticles.  
On the other hand, the Bi12SiO20 bulk phase was obtained by solid phase reaction 
synthesis, by mixing the starting oxide powders and sintering the obtained tablets. 

Materials and Methods 

Experimental Details. Size and morphology of the synthetized powders were observed 
using a Carl Zeiss Sigma VP Field Emission Scanning Electron Microscope (FE-
SEM), equipped with a Bruker Quantax 200 microanalysis detector for EDS. The EDS 
spectra were recorded under the same conditions (20 keV) for all the samples. 

Transmission Electron Microscopy (TEM) images were taken at 300 kV with a JEOL 
JEM-3010 instrument with ultrahigh resolution (UHR) pole-piece (0.17 nm point 
resolution), equipped with a Gatan slow scan CCD camera (model 794). The powder 
was dispersed in ethanol by means of sonication and then deposited onto a holey 
carbon film coated copper grid.  
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The nitrogen physisorption measurements have been collected at liquid nitrogen 
temperature (−196°C) using a Micromeritics ASAP 2010 volumetric adsorption 
analyzer. The Brunauer Emmett Teller (BET) equation has been used to calculate the 
specific surface area from the adsorption branches data.  
The Diffuse Reflectance Fourier Transform Infrared Spectroscopy (DRIFT-IR) 
spectra with a NEXUS-FT-IR instrument implementing a Nicolet AVATAR Diffuse 
Reflectance accessory have been recorded.  
The Thermogravimetric Analysis (TGA) and the Differential Scanning Calorimetry 
(DSC) have been performed with a Linseis TGA 1000 apparatus in air, from 25 to 
900°C with a heating rate of 10°C min-1. Samples (around 25 mg) were dried in 
advance and then placed in an alumina crucible.  
X-ray powder diffraction (XRPD) measurements were performed by means of a 
Philips X’Pert diffractometer with a PW 1319 vertical goniometer with Bragg–
Brentano geometry, equipped with a focusing graphite monochromator and a 
proportional counter with a pulse-height discriminator. Nickel-filtered Cu Kα radiation 
and a step-by-step technique were employed (steps of 0.05° in 2θ), with a collection 
time of 30 s per step.  
Upconversion photoluminescence (UCPL) spectroscopy measurements on 
Bi2SiO5:Ln@SiO2 UCNPs were collected exciting with a CNI MDL-III-980 diode 
laser as 980 nm photon pumping source, with output power of 2 W over a spot of 5×8 
mm2 (power density of 5 W/cm2). PL measurements on Nd-doped samples were 
performed with a 590 nm LED as excitation source. The emission spectra were 
acquired by means of a QE65 Pro Ocean Optics spectrometer. Neutral density filters 
were used to attenuate the pumping radiation. 

Further XRD measurements were performed at the Materials Characterisation by X-
ray diffraction (MCX) beamline of Elettra Synchrotron in Trieste. 

The diffuse reflectance spectra were measured by means of a spectrophotometer 
(UV3600, Shimadzu) equipped with an integrating sphere. Barium sulfate is used as a 
standard for calibration. 
Photoluminescence excitation (PLE) spectra were measured by an InGaAs photodiode 
(IGA-030-H, Electro-Optical System Inc.) coupled with a short-cut (990 nm) and a 
long-cut (1300 nm) filter, a monochromator (SpectraPro-300i, Acton Research 
Corporation) to tune the excitation wavelengths and a 100 W halogen lamp (MHAA-
100W, Moritex Corporation) as excitation source.  
These measurements have been performed at the Graduate School of Human and 
Environmental Studies of Kyoto University (Japan). 
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CHAPTER 6 

 

 

 

Bi2SiO5@SiO2 NPs: assessment of 
bio-compatibility, reactivity and 

chemical stability 
 
ABSTRACT: Considering the proposed potential fields of application for lanthanide-
doped bismuth silicate-silica core-shell nanoparticles, and their related issues, such as 
for instance the need for high bio-compatibility and great chemical stability, it was 
vital to define some essential features of the system under examination. 
Here, we report the assessment of few crucial properties of Bi2SiO5@SiO2 NPs, such 
as toxicity, anti-microbial effect, photochemical reactivity and chemical stability. 
The cytotoxicity was tested by exposure of four different cell lines to various agents, 
such as few starting reagents and the NPs here synthetized. Anti-microbial properties 
were investigated by plating different bacterial cells on Nutrient Agar containing the 
nanoparticles to be tested. Photocatalytic reactivity was proved in terms of 
degradation efficiency towards Methyl Orange dye. Finally, the chemical stability at 
different pH was assessed upon exposure to acid environments.  
Bismuth silicate-silica core-shell nanoparticles proved to be greatly biocompatible, as 
expected, with low photocatalytic reactivity and high resistance to acid environment 
up to pH<1. In addition, Bi2SiO5@SiO2 NPs did not exert any significant inhibitory 
effect towards bacterial cells. 
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Bismuth-based nanoparticles are attracting much attention in the last decade. Thanks 
to their excellent optical and electrical properties, cost-effectiveness and low toxicity, 
they have been proposed for disparate uses, ranging from lighting devices to batteries, 
photocatalysts, UV filters, fuel cells and recently also for biological applications, as 
contrast agents for multimodal clinical imaging.  
Despite this outstanding success, nano-objects are very sensitive to high temperatures 
and harsh environments, and such a serious drawback is often limiting their real use in 
certain fields of application. This is particularly severe in the case of bismuth-based 
compounds, making the development of highly stable bismuth-based nanoparticles a 
challenge.  
Considering the potential purposes of the system here proposed, i.e. lanthanide-doped 
bismuth silicate-silica core-shell nanoparticles, as bioimaging and temperature sensing 
nanoprobes, and the issues related to these fields of application, such as the need for 
high bio-compatibility and great chemical stability, it became essential to assess some 
crucial features. Among them are cytotoxic and anti-microbial properties, 
photocatalytic reactivity and the resistance to acid environments. 
 

6.1 Cell viability assay 
The cytotoxicity of some starting reagents, i.e. ethylene glycol and PVP, and of Bi2O3, 

Bi2O3@SiO2 and Bi2SiO5@SiO2 NPs was tested on MRC-5, MDA-MB-231, OvCar3 
and HCT-116 cell lines by means of a bioluminescence assay that measures the 
metabolic capacity to assess cell viability, as a function of the intracellular ATP 
content1. In fact, the amount of ATP is directly proportional to the number of cells 
present in culture2-4. Viable cells under normal conditions maintain a relatively 
constant amount of ATP through a balance of production/consumption pathways5. The 
capacity for ATP synthesis is lost during cell death and remaining ATP is rapidly 
hydrolyzed. The decrease in ATP concentration corresponds to a reduction in 
luciferin–luciferase luminescence6. The luciferin-luciferase reaction for this assay is 
shown in Figure 1. Mono-oxygenation of luciferin is catalyzed by luciferase in the 
presence of Mg2+, ATP, which is contributed by viable cells, and molecular oxygen. 
A stable “glow-type” luminescent signal is thus generated. 
 

 
 

Fig.1 CellTiter-Glo® 2.0 Assay principle from CellTiter-Glo® 2.0 Assay 
Technical Manual (Promega). 
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The cells were incubated with suspensions of either starting reagents or NPs with 
various concentrations (from 0.1 to 100 μg/mL). After the exposure to the tested 
agents, the luminescence of the luciferase reaction was analyzed. The experiments 
were performed in triplicate. 
According to the ATP assay over 4 different cell lines in Fig.2 a, b, c and d, the same 
concentration of the various types of nanoparticles caused a difference in cell viability. 
In fact, Bi2O3 NPs showed a larger effect on reducing cell viability than Bi2O3@SiO2 
NPs did, which became even larger respect to Bi2SiO5@SiO3 NPs. The results suggest 
that unwashed ethylene glycol on the surface of Bi2O3 NPs, which presence was earlier 
confirmed by FT-IR and TG measurements (see Fig. 6 a, b in Chapter 5), could be 
related to the cytotoxic effect. As expected, in vitro experiments showed that 
Bi2SiO5@SiO2 NPs, where the EG present on the surface was combusted during the 
thermal treatment, did not alter cell viability at concentrations up to 100 μg/ml over all 
the cancer cell lines tested, illustrating high biocompatibility. PVP confirmed its low 
toxicity and very high biocompatibility7, not exerting any effect on cell viability even 
at high concentrations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 ATP levels for different types of cell lines, expressed as a function of 
luciferase luminescence (RLU, relative luminescence units). Cell viability was 

investigated against various concentrations of starting reagents (ethylene glycol 
and PVP), and NPs corresponding to the three synthetic steps (i.e. Bi2O3, 

Bi2O3@SiO2 and Bi2SiO5@SiO2 NPs). The data were normalized on the 
luminescence of the negative control (with any agent added to the cell colture). 
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6.2 Anti-microbial properties 
Antibacterial tests were conducted by plating bacterial cells (either Gram-positive 
Staphylococcus Aureus or Gram-negative Escherichia Coli) on Nutrient Agar (NA) 
containing a range of concentrations of the different nanoparticles to be tested (Bi2O3, 

Bi2O3@SiO2 and Bi2SiO5@SiO2 NPs). All experiments were conducted in triplicate. 
The results are reported in Figure 3 as viability (%) vs. NPs concentration, in order to 
compare the toxicity of the NPs resulting from each intermediate synthetic step. 
None of the three types of NPs showed growth inhibition effect on Gram-positive S. 
Aureus, even at high concentration, equal to 200 μg/mL, indicative of no toxic effect 
of the NPs. Regarding instead Gram-negative E. Coli, only Bi2O3 NPs showed 
antimicrobial activity, with a half maximal inhibitory concentration (IC50) estimated 
to be in the range between 12.5 and 25 μg/mL. On the other hand, Bi2O3@SiO2 and 
Bi2SiO5@SiO2 NPs did not exert any inhibitory effect on E. Coli, even at high 
concentrations (up to 200 μg/mL).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Viability (%) of the (a) Gram-positive S. Aureus and (b) Gram-negative E. 
Coli vs. increasing concentrations of Bi2O3, Bi2O3@SiO2 and Bi2SiO5@SiO2 NPs, 

normalized on the positive control viability. 
 
These results suggest a toxic effect of Bi2O3 NPs only towards Gram-negative E. Coli. 
The precise mechanism, probably due to some toxic moieties on the surface of the NPs 
that exert a non-homogeneous effect because of the difference in cell structures between 
Gram-negative and Gram-positive bacteria, is yet to be determined and requires further 
investigations.  
Among numerous studies on the antibacterial effect of metal oxides, only few concern 
bismuth oxide. Luo et al.8, mentioned that Bi2O3 nanospheres have potential in treating 
of drug-resistant bacteria. Chen et al.9 demonstrated no inhibition of Bi2O3 nanoparticles 
against Helicobacter pylori, while Qin et al.10 showed that Bi2O3 nanospheres exhibit   size-
dependent antibacterial activity towards S. aureus in the range of 1–8 μg/mL, in contrast 
with what demonstrated in this work. Moreover, Abeer et al.11 concluded that Bi2O3 with 
concentration 100μg/ml have an excellent activity and potential effect in reducing 

a)                                                                                           b)                                                        
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pathogenic bacterial growth of Staphylococcus aureus, Escherichia coli and Klebsiella 
sp. As a consequence of the conflicting results reported in literature, it is legitimate to 
assume that the chemical route employed to obtain Bi2O3 NPs, and thus their size and 
surface chemistry, may influence the magnitude of their antimicrobial activity. 
Speaking of Bi2O3@SiO2 and Bi2SiO5@SiO2 NPs, silica is well known for its 
biocompatibility. Only composite systems, based on the conjugation of SiO2 with, for 
instance, titania12, copper13 or silver14,15 show inhibition properties against pathogenic 
bacteria, while any antimicrobial activity is reported for pure silica NPs. In addition, 
no reports have been found in the literature on Bi2SiO5 antimicrobial properties. 

 
6.3 Photocatalytic activity 
If considering the application of Bi2SiO5@SiO2 NPs in various 
biological/nanomedicine fields or as temperature sensor in catalytic reactions, it is 
evident that the widely demonstrated bismuth silicate photocatalytic reactivity16-20 

could represent a drawback. However, the presence of a silica coating could be 
beneficial to the mitigation of the bismuth silicate unwanted photocatalytic activity. 
The photocatalytic properties of Bi2SiO5@SiO2 NPs were investigated by following 
the photo-oxidation of the Methyl Orange (MO) indicator in aqueous phase. Titania 
Degussa P-25 (Rutile/Anatase ratio of 85/15) was used as a reference for its well-
known photoreactivity under different UV wavelengths and its highest photocatalytic 
efficiency among the readily available samples of TiO2

21. 
Absorption spectra were collected as a function of time, monitoring the degradation of 
Methyl Orange. When dissolved in water, the UV–visible spectrum of Methyl Orange 
shows two absorption maxima (Fig.4)22. The first band is observed at about 280 nm 
and the second one, more intense and distinctive of a substituted azobenzene23, at 465 
nm. The latter one, in terms of absorption maximum at 465 nm, is typically used to 
monitor the photocatalytic degradation of MO. 
It was interesting to note that the methyl-orange characteristic peak at 465 nm 
decreased with time in the presence of TiO2 powder, almost disappearing already after 
2 hours, while remained unaffected in the presence of Bi2SiO5@SiO2 NPs.  
A calibration curve (Fig.5a) was built by measuring absorption maxima at 465 nm of 
different concentrations of Methyl Orange in water. The best fit was later used to 
determine MO concentration at different time intervals in the presence of TiO2 powder 
or Bi2SiO5@SiO2 NPs. 
Fig.5b represents the changes in the concentration (C/C0) of MO in aqueous solution 
under UV light irradiation. After initial 30 minutes of equilibration in the dark, a small 
amount of MO is adsorbed on the surface of TiO2. On the contrary, the MO 
concentration does not decrease in the case of Bi2SiO5@SiO2 NPs. The amount of dye 
adsorbed in the dark depends on different factors, such as the surface area and the Point 
of Zero Charge (PZC) of the materials24. Degussa P-25 TiO2, has standardized 
features: anatase/rutile mixture ratio, non-porosity, BET surface area ~ 55 ± 15 m2g-1 
and average particle size ~30 nm21. In this case TiO2 powder has a larger surface area 
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respect to the non-porous and bigger Bi2SiO5@SiO2 NPs here synthetized, this leads 
to the adsorption of a larger amount of dye. Moreover, in the case of silica coated 
nanoparticles, the surface becomes more strongly negatively charged at higher pH. 
Above the silica PZC, at the slightly acidic natural pH of the dye solution, H+ ions are 
depleted from the silanol groups on the silica surface, increasing the negative charge 
and hindering the absorption of the anionic dye. On the contrary, MO adsorption is 
more favoured on the TiO2 degussa powder, which has a PZC significantly higher (pH 
~6.325) than that of silica.  
 

 
 

Fig.4 UV-VIS spectrum for methyl orange, showing the two typical absorption 
bands, at about 280 and 465 nm, respectively. 

 
 
 
 
 
 
 
 
 

 
 

Fig.5 (a) Calibration curve with absorbance values at 465 nm of different Methyl 
Orange concentrations in aqueous solution, (b) Photo-oxidation of an aqueous 
solution of MO as a function of time, under UV LED irradiation for TiO2 P-25 
powder (red squares) and Bi2SiO5@SiO2 NPs (black squares). The grey frame 

represents the equilibration time in the dark. 
 
MO degradation in the presence of TiO2 P-25 has a constant rate proportional to the 
concentration of the dye in solution. In agreement with this, the calculated kinetic 

a)                                                                                             b) 
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constant showed a value of 0.0278 min-1 (t½ ~ 25 min). The complete decolorization 
of MO solution (Fig.6) was achieved within 2.5 h of irradiation. On the other hand, the 
MO degradation in the presence of Bi2SiO5@SiO2 NPs was so inefficient, that it can 
be regarded as a non-photocatalytic nanosystem, most probably because of the surface 
shielding provided from the silica coating, whose non-photocatalytic nature has been 
previously stated26. Therefore, after this potential hurdle has been dismantled, 
Bi2SiO5@SiO2 NPs proved to be suitable for biological/nanomedicine or temperature 
sensing applications. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.6 Solution decolouration as a function of MO degradation in time, in the 
presence of (a) TiO2 P-25 powder and (b) Bi2SiO5@SiO2 NPs. 

 
6.4 Chemical stability: overcoming the acid 
solubility of Bismuth-based compounds 
By considering potential applications as biomarker for tumoral cell temperature or as 
thermometer for chemical reactors, the main challenge is to retain the stability of the 
material as it interacts with the surrounding environment. Chemical stability at 
different pH is an important requirement.  
Generally, Bismuth compounds are quite insoluble in neutral water, however they 
become readily soluble in acid solutions. In fact, it is well known that a limiting factor 
for the use of bismuth oxide in such applications is its high solubility in acid solutions. 
Moreover, NaBiF4 was recently demonstrated to be unstable in water27 and one of the 
most popular upconverting nanosystem, NaYF4:Yb,Er, suffers of dissolution when it 
is in water28. 
Therefore, the investigation of the chemical stability to different environments is 
fundamental to address the real potential of the developed system. Fig.7 shows the 
comparison between Bi2O3 and Bi2SiO5@SiO2 NPs before and after the exposure for 
3 hours to acid solutions of different pH. The SEM images clearly evidence a different 
behaviour:  Bi2O3 NPs are quite sensitive to acid solutions with mild pH values, while 

TIME (min) -30         0             5          10          15           30         60          90         120       150          

a)                                                                                           

 

 

 
 

b)                                                
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are completely dissolved in strongly acid mediums, while the Bi2SiO5@SiO2 
nanosystem shows high chemical stability to acid environment, regardless of the pH 
value of the solution.  
 

 
 

Fig.7 SEM images of Bi2O3 and Bi2SiO5@SiO2 NPs before and after the exposure 
to acid solutions, either HCl or HNO3, with different pH values for 3 hours. 

 

This is further confirmed by XRPD patterns collected on dried Bi2SiO5@SiO2 NPs 
powders after the exposure, under magnetic stirring and for increasing time intervals, 
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to a strongly acid solution, i.e.  HNO3 1M. Fig.8 confirms that any structural 
modifications occurs, even after 72 hours of exposure, and represents the final 
validation of the high chemical stability of Bi2SiO5@SiO2 NPs. 
The strategy employed is therefore demonstrated to be suitable to overcome the 
bottleneck of the instability in acid environments up to pH<1. 
 

 
 

Fig.8 XRPD patterns of Bi2SiO5@SiO2 NPs exposed for increasing time intervals, 
to HNO3 1M. 

 
6.5 Conclusions 
In this Chapter, we have probed some critical features of the system under 
investigation. 
The low toxicity of Bi2SiO5@SiO2 NPs was assessed on four different cell lines, 
demonstrating the high biocompatibility properties of the investigated system. 
Moreover, any significative antimicrobial activity was found. 
The particular structure of these NPs, composed of optically active cores embedded in 
an inert insulating glassy shell, leads to unique properties and suitability to disparate 
fields of application. In fact, we demonstrated how the shielding silica coating resets 
Bismuth silicate photocatalytic reactivity, not anymore representing a hurdle for the 
applicability of Bi2SiO5@SiO2 NPs in various biological/nanomedicine fields or as 
sensor in catalytic reactions. Moreover, the insulating effect from the surrounding 
environment confers high chemical stability and resistance to acid mediums, the lack 
of which represented for Bismuth-based materials a limiting factor for long time. This 
opens the way also to potential applications as biomarker for tumoral cell temperature 
or as thermometer for chemical reactors. 
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Materials and Methods 

Experimental Details. Cell viability was measured by means of the CellTiter-Glo® 
luminescence assay (Promega, Madison, Wisconsin, US) using an Infinite 200 PRO 
instrument (Tecan, Switzerland). The cells were incubated with suspensions of NPs 
with various concentrations (from 0.1 to 100 μg/mL) for 96 h. After the exposure to 
the tested agents, a reagent mixture containing cell lysis solution, luciferase, and 
luciferase substrate, was added to the wells. The plates were allowed to incubate at 
room temperature for 10 minutes to stabilize the luminescent signal. The luminescence 
of the luciferase reaction was then analyzed. The experiments were performed in 
triplicate, at the Oncological Treatment Centre (CRO) in Aviano 

Antibacterial tests were conducted by plating bacterial cells on Nutrient Agar 
containing a range of concentrations of the different nanoparticles to be tested. For 
each material, agar plates were prepared by adding appropriate amounts of a stock NPs 
suspension to nutrient agar, to reach final concentrations of 12.5, 25, 50, 100 and 200 
μg/mL. Plates for negative controls were prepared without any addition of NPs. Either 
Gram-positive Staphylococcus Aureus or Gram-negative Escherichia Coli, were 
inoculated into Nutrient Broth and grown overnight at 37°C. After OD600 measurement 
and appropriate dilution, about 400 Colony Forming Units (CFUs) were plated on 
Nutrient Agar in Petri dishes and grown overnight at 37°C. Pictures of plates were 
acquired with Geliance 600 Images System and colonies were counted using ImageJ 
software (National Institute of Health, Bethesda, MD, USA). All experiments were 
conducted in triplicate.  
X-ray powder diffraction (XRPD) measurements were performed by means of a 
Philips X’Pert diffractometer with a PW 1319 vertical goniometer with Bragg–
Brentano geometry, equipped with a focusing graphite monochromator and a 
proportional counter with a pulse-height discriminator. Nickel-filtered Cu Kα radiation 
and a step-by-step technique were employed (steps of 0.05° in 2θ), with a collection 
time of 30 s per step.  
Morphology of the powders were observed using a Carl Zeiss Sigma VP Field 
Emission Scanning Electron Microscope (FE-SEM). 

For the photocatalytic degradation of Methyl Orange, the dye (50 mg) was firstly 
dissolved in of distilled water (25 mL). The solution was further diluted with a ratio 
1:80 in distilled water, to obtain a concentration of 0.025 mg/mL (~75 mM). Either 
TiO2 powder or Bi2SiO5@SiO2 NPs (50 mg each) were separately suspended via 
sonication in 50 mL of Methyl Orange solution in water. The specimens were stirred 
in the dark for 30 minutes to allow the equilibration between the two species and then 
irradiated using a 125W medium pressure Hg lamp (Helios). The solution absorption 
was measured as a function of time using an Agilent 8453 UV-VIS spectrophotometer, 
at increasing time intervals: 0, 5, 10, 15, 30, 60, 90, 120 and 150 minutes. Sample 
aliquots of 2 mL were collected at each time interval and filtered using 0.2 μm 
hydrophilic PTFE Millex syringe filters.  
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CHAPTER 7 

 

 

 

Upconverting Bi2SiO5@SiO2 NPs for 
ratiometric contact-less optical 

nanothermometry  
 
ABSTRACT: The development of nanomaterials with high sensitivity to external 
stimuli such as temperature, is critical to investigate the driving force of biological 
processes but also catalytic mechanisms in extreme environments.  
In this chapter two luminescent temperature sensors based on Er3+/Yb3+ (i), and 
Tm3+/Yb3+ (ii) RE-doped Bi2SiO5@SiO2 upconverting NPs are discussed. Doped 
Bi2SiO5@SiO2 NPs were studied in the temperature range from 80 K to 800 K, in order 
to analyze their thermometric response and asses their applicability as optical 
temperature sensors based on the FIR technique. 
For each sample, depending on the dopant ions, different pairs of thermally coupled 
levels have been considered, measuring the emission intensity ratio between them: 
 

► the 2H11/2 level (~520 nm) and 4S3/2 level (~550 nm) for the sample co-
doped with 6%at. Yb3+ and 1%at. Er3+ ions; 

► 3F2,3 (~700 nm) and 3H4 (~800 nm) thermally coupled levels and 1G4 

(~650 nm) and 3F2,3 (~700 nm) levels for the sample co-doped with 6%at. 
Yb3+and 0.5 %at. Tm3+ions; 
 

The results obtained allowed to compute a relative sensitivity Sr of 1.1%K-1 (at 300K) 
(i), 1.3%K-1 (at 400K) for the 3F2,3/3H4 FIR and 1.95% (at 300 K) for the 3F2,3/1G4 FIR 
(ii), respectively, and are comparable with the relative thermal sensitivity values 
reported in literature for similar Ln3+-based thermometers. Er3+/Yb3+: Bi2SiO5 NPs 
proved to be able to detect variations of temperature of the order of tenths of a Kelvin 
degree. Moreover, the measurements showed a high grade of repeatability. 
The UCNPs used in this work remained unaltered when submitted to temperatures as 
high as 850 K. 
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7.1 Bi2SiO5:Yb3+/Er3+@SiO2 core-shell NPs 
Bi2SiO5:Yb3+/Er3+@SiO2 upconverting NPs previously synthesized are able to convert 
long-wavelength light (980 nm) to a shorter wavelength one, in the red and green 
regions of the visible spectrum (see PL spectrum in Fig.26a, Chapter 5), through a two-
photon process (see double logarithmic plot in Fig.26d, Chapter 5).  
The two emission bands originating from Er3+ in the green region, assigned to the 
2H11/2→4I15/2 and 4S3/2→4I15/2 transitions, centered at about 525 and 548 nm 
respectively, carry the temperature information. In fact, the two levels are very close 
in energy, separated by only a short energy gap (ΔE~800 cm-1), thus allowing the level 
with higher energy (2H11/2) to be thermally populated by the 4S3/2 level, as previously 
observed in other works1-11. In this case, the relative electronic population of the two 
levels in thermal equilibrium follows a Boltzmann-type distribution, allowing to 
compute the Fluorescence Intensity Ratio (FIR) as follows: 
 

𝐹𝐼𝑅 =
𝐼

𝐼
 ∝  − 

∆𝐸

𝑘 𝑇
                                                  (1) 

 

where I525 and I548 are the integrated intensities of the two 2H11/2→4I15/2 and 4S3/2→4I15/2 

transitions. 
As predicted, the normalized emission spectra collected at increasing temperatures in 
Fig.1 show a clear change in the emission intensity induced by temperature, whereas 
UC emission wavelengths remain unaffected. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.1 Temperature dependence of PL emission spectra in the 80−800 K range, 
normalized to the 4S3/2 line. 
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The observations from Fig.2a are quite interesting. A different behaviour for various 

emission bands of the same activator can be observed at increasing temperature. The 
overall UC luminescence intensity and the intensities of the transitions from lower 
energy emitting levels (4S3/2, 4F9/2) start to be quenched at 300K and by 500 K are more 
than halved. In this case, both the large size of the nanoparticles and the silica inert 
shell surrounding the optically active core account for the thermal quenching of the 
luminescence intensity, because non-radiative relaxation routes are favoured. On the 
contrary, the integrated intensity of the 2H11/2 → 4I15/2 emission line is found to be 
continuously enhanced with increasing temperature until 440 K, followed then by 
thermal quenching. The emission intensity results enhanced by a factor of more than 

6-fold from 80 to 440 K. This uncommon result can be explained as follows: the 
decreased surface quenching of Yb3+ results in more efficient energy transfer processes 
towards activator ions, favouring the UC emissions from higher levels. Moreover, 
various nonradiative relaxation pathways are involved for the UC emissions at longer 
wavelengths. Therefore, the UCPL at shorter wavelengths is more probably enhanced 
than that at longer wavelengths with increasing temperatures. However, further 
investigations would be beneficial to have an insight of the mechanism behind the 
thermal enhancement or quenching of UC processes.  
The inverse behaviour observed between of the two thermally coupled levels, with 
emission intensity from 4S3/2 constantly decreasing and intensity from 2H11/2 slowly 
increasing until 440 K and then rather stationary, implies a linearly ascending FIR, i.e. 
the ratio between the integrated intensities of the two emitting levels. 
It is worth to mention that the potential employment of these UCNPs for biomedical 
applications would restrict the temperature range between 300 and 320 K. As 
evidenced in Fig.2b, in this range an increase of the emission intensity of 7% from the 
2H11/2 level and a decrease of the emission intensity of 6% from the 4S3/2 level is 
observed.    The linearity of the Arrhenius plot in Fig.2c, showing the dependence of 
ln(FIR) on the inverse temperature 1/T, evidences the thermal equilibrium between the 
two excited states, in a wide temperature range between 280 and 800 K. The best fit 
(ln(I525/I548)=1.84–964(1/T)), allowed to calculate an energy gap of 670 cm-1 between 
the two thermally coupled levels. If compared to the value estimated by the emission 
spectrum collected at 300 K in Fig.2d (ΔE = 806 cm-1), as the distance in energy 
between the barycentres of the two emission bands, a certain discrepancy is evident. 
The underestimation from the Arrhenius plot could be due to the overlapping of 
emission bands from the thermally coupled levels, that may cause a certain error in the 
estimation of the FIR, as previously observed in literature12. 
Fig.2e and 2f depict the temperature dependence of the absolute and relative sensitivity 
(calculated from eq. 2 and 3 in Chapter 3), respectively, showing a value of Sa of about 
1.9·10-3 K-1 and Sr of 1.1% K-1 in the physiological temperature range (~300 K).  In 
comparison with other nano- or sub-micron sized thermometric systems1,3,6,8, it is 
noteworthy that the results here reported are encouraging, both in terms of relative 
sensitivity at 300 K and operating range of temperatures (see Table 1 for comparison 
with various Yb3+/Er3+ thermometric systems already reported in literature). 
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Fig.2 Temperature dependence of integrated UC PL intensities of the Er3+ 

transitions from 2H11/2 (green dots) and 4S3/2 (yellow dots) to ground state 4I15/2 (a) in 
the whole temperature range tested and (b) in the physiological range (290-320K). 

The lines between symbols have been added for guiding the eye. 
(c) Arrhenius plot in the temperature range of linearity for the Boltzmann law (280-

800 K) and estimation of the distance in energy (ΔE) between the two thermally 
coupled levels (d)Fit of the spectrum collected at 300 K, for the empirical estimation 

of ΔE as the distance between the barycenters (x4S3/2= 18.3x103 cm-1, x2H11/2= 
19.1x103 cm-1) of the two multiplets. (e) Absolute sensitivity of the Yb3+/Er3+-based 
thermometric system, (f) Relative sensitivity of the Yb3+/Er3+-based thermometric 

system. (The blue frame indicates the physiological temperature range). 
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Sample Sr, T (% K-1, K) T range (K) method 
Bi2SiO5 NPs  1.10 (300) 280-800 2H11/2/4S3/2 
NaYF4

1 1.00 (318) 293-318 2H11/2/4S3/2 
Gd2O3 NCs3 0.20 (600) 295-1000 2H11/2/4S3/2 
LiNbO3 NPs6 0.68 (290) 280-450 2H11/2/4S3/2 
YbTi2O7 particles8 0.72 (290) 300-600 2H11/2/4S3/2 

 

Table.1 Comparison of relative sensitivities Sr at given temperature, operating 
temperature ranges and FIR method of different nano- or sub-micron sized Yb-Er 

thermometric systems. 
 

Fig.3a shows the temperature uncertainty, representing the smallest change of 
temperature that can be detected, as a function of temperature (calculated from eq. 5 
in Chapter 3). As it can be seen, the system ensures an elevate reliability in the 
physiological range, being able to detect variations of temperature of the order of 
tenths of a Kelvin degree. 
Finally, the repeatability (or test-retest reliability) was measured by means of a thermal 
cycling experiment, based on four consecutive heating-cooling cycles between 300 
and 800 K, as shown in Fig.3b. The computed repeatability (calculated from eq. 9 in 
Chapter 3) is lager then 99%, representing the high reproducibility of the 
measurements. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.3 (a) Temperature uncertainty and (b) Repeatability, upon four subsequent 
temperature cycling between 300 and 800 K. The computed parameter R was 

>99%. 
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7.2 Bi2SiO5:Yb3+/Tm3+@SiO2 core-shell NPs 
 
Previously synthesized Bi2SiO5:Yb3+/Tm3+@SiO2 upconverting NPs are also able to 
convert long-wavelength light (980 nm) to a shorter wavelength one, in the blue, red 
and NIR regions of the spectrum (see PL spectrum in Fig.26b, Chapter 5), through a 
multiple-photon process (see double logarithmic plot in Fig.26e, Chapter 5).  
 

7.2.1 3F2,3/3H4 fluorescence intensity ratio 

In the case of Tm3+, different transitions can convey the temperature information. 
Among them are the deep red 3F2,3→3H6 and the NIR 3H4→3H6 transitions, centered at 
700 and 800 nm respectively. The two thermally coupled levels are quite distant in 
energy, separated by an energy gap of about ΔE~1785 cm-1, still allowing the level 
with higher energy (3F2,3) to be thermally populated by the lower 3H4 level13, leading 
to the change of intensity ratio between the 700 and 800 nm emissions14, with 
increasing temperature. In this case, the relative electronic population of the two levels 
in thermal equilibrium follows a Boltzmann-type distribution, allowing to compute the 
Fluorescence Intensity Ratio (FIR) as follows: 
 

𝐹𝐼𝑅 =
𝐼

𝐼
 ∝  − 

∆𝐸

𝑘 𝑇
                                                  (2) 

 

where I700 and I800 are the integrated intensities of the two 3F2,3 →3H6 and 3H4→3H6 

transitions. However, the weak 700 nm light band from 3F2,3→3H6 is difficult to 
detect12 and for this reason the majority of works covers thermometric systems based 
on the NIR/blue ratio between 3F2,3 →3H6 /1G4→3H6 transitions14 (despite the large 
distance in energy between the two levels) or on transitions from Stark sub-levels of 
the 1G4 level15,16 (though showing little relative sensitivity). 
The normalized emission spectra collected at increasing temperatures in Fig.4a show 
a clear change in the emission intensities for the considered emission bands, even 
displaying the quenching of the luminescence efficiency from some Stark sublevels of 
the 3H4→3H6 transition, which becomes less favored at high temperatures.  
A slightly inhomogeneous behaviour for the two considered emission bands of Tm3+ 
can be observed with increasing temperature in Fig.4b. The overall UC luminescence 
intensity (not shown) closely follows the trend of the intensity of the 3H4→3H6 

transition (red dots). In fact, the integrated intensity of the 3H4→3H6 transition is much 
larger than that of the band corresponding to the 3F2,3 →3H6 transition (orange dots), 
by a factor of more than 200-fold over the whole temperature range. Both the 
transitions show an initial enhancement of emission intensities, that gives then way to 
a strong emission quenching. The intensity of the transition from the 3H4 emitting level 
starts to be quenched at 270K and by 800 K is one-hundredth of its maximum. On the 
other side, the intensity of the transition from the 3F2,3 levels is enhanced by a factor of 
almost 10-fold from 80 to 450 K, then starts to drop becoming more than halved by 
800 K. The partially offset behaviour of the emission intensities for the two thermally 
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coupled levels implies an ascending FIR, even though not linearly increasing over the 
whole temperature range.  
In fact, from the Arrhenius plot (Fig.4c), it is worth noting that the population of the 
two states follows the laws of thermalization only at high temperatures. Below 400 K 
other radiative or non-radiative processes may dominate the thermalization rate, 
leading to a “decoupling” effect12. Below this temperature, the two levels cannot be 
considered as fully thermally coupled. This effect is evident at low temperatures, 
where the FIR shows a large deviation from the linear prediction. For this reason, it 
would be wiser to explore the FIR between 3F2,3 and 3H4 levels of Tm3+ only for high 
temperature measurements13. 
The linearity of the Arrhenius plot is true only in a selected range of temperatures, 
between 400 and 800 K. The best fit (ln(I700/I800)=0.460–2130(1/T)), allowed to 
calculate an energy gap of 1480 cm-1 between the two thermally coupled levels. If 
compared to the value estimated by the emission spectrum collected at 300 K in Fig.4d 
(ΔE = 1795 cm-1), as the distance in energy between the barycentres of the two 
emission bands, a large discrepancy is to be noted. This is probably due the large 
energy gap between the two excited states. 
In this case, the sensitivity of the thermometer based on 3F2,3 and 3H4 thermally coupled 
energy levels is much higher if compared to other cases, because of the larger energy 
gap between the two.  Fig.4e and 4f depict the temperature dependence of the absolute 
and relative sensitivity, respectively, showing a maximum value of Sa of about 0.2·10-

3 K-1 at 700 K and Sr of 1.3% K-1 at 400 K, the lowest temperature in the range of 
validity of the Boltzmann population distribution. Such a low absolute sensitivity is 
due to the small extent of the FIR parameter for the integrated PL intensities of the two 
thermally coupled transitions.  
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Fig.4 (a) Temperature dependence of PL emission spectra in the 80−800 K range, 
normalized to the 3H4 line. (b) Temperature dependence of integrated UC PL 

intensities of the Tm3+ transitions from 3F2,3 (orange dots) and 3H4 (red dots) to 
ground state 3H6. The dotted lines between symbols have been added for guiding 
the eye. (c) Arrhenius plot, where the linearity for the Boltzmann law is true in a 

selected range of temperatures (400-800 K), and estimation of the distance in 
energy (ΔE) between the two thermally coupled levels. (d) Fit of the spectrum 

collected at 300 K, for the empirical estimation of ΔE as the distance between the 
barycenters (x3H4=12.5x103 cm-1, x3F2,3=14.3x103 cm-1) of the two multiplets. (e) 
Absolute sensitivity of the 3F2,3/3H4 Yb3+/Tm3+-based thermometric system, in the 

range of validity of the Boltzmann law. (f) Relative sensitivity of the 3F2,3/3H4 

Yb3+/Tm3+-based thermometric system, in the range of validity of the Boltzmann 
law. 
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As mentioned above, the population of the two states follows the laws of 
thermalization only at temperatures higher than 400 K. Despite this, the dependence 
of the ln(FIR) on the inverse temperature shows a linear trend also at temperatures 
between 280 and 400K (Fig.5). Thus, the best fit of the Arrhenius plot, (ln(I700/I800) = 
–1.28–1420(1/T)), could eventually serve as a calibration curve for the estimation of 
the temperature in the range 280-400 K. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 Arrhenius plot, between 280 and 400 K. 

 
7.2.2 3F2,3/1G4 fluorescence intensity ratio 
Even Tm3+ emitting levels excited via a three-photon excitation mechanism, such as 
the 1G4 

15,17, can be considered. In this case, the fluorescence intensity ratio is based on 
3F2,3→3H6 and 1G4→3F4 red transitions, centered at 700 and 650 nm respectively. The 
two levels are very distant in energy, separated by an energy gap of about 8000 cm-1, 
and thus cannot be considered as thermally coupled. Nonetheless, the electronic 
population of the 3F2,3/1G4 levels seems to follow anyway a Boltzmann-like 
distribution. As can be observed from the schematic energy level diagram for the Yb3+-
Tm3+ ion pair (Fig.17 in Section 2.6.2), a two-photon process is responsible for the 
population of 2F2,3 Tm3+ excited states and a non-radiative relaxation occurs then from 
2F2,3 to 3H4 level. The absorption of an additional third photon finally leads to the 
population of 1G4 level starting from 3H4 level. The radiative transition 1G4→3F4 is 
then responsible of the red emission at about 650 nm. The electronic population of the 
3H4 level, that is thermally coupled with 3F2,3 levels, follows a Boltzmann electronic 
distribution and shows to decrease with temperature (see Fig.4b in the previous 
Section). In this way, this process could also influence the electronic population of 
higher-energy 1G4 level, explaining the Boltzmann-like distribution even if the two 
levels are not directly in thermal equilibrium.  

y = -1.42 x – 1.28 
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The relative electronic distribution of the two levels follows anyway a Boltzmann-like 
distribution, even if the two levels are not directly in thermal equilibrium. Thus, the 
Fluorescence Intensity Ratio (FIR) was computed as follows: 
 

𝐹𝐼𝑅 =
𝐼

𝐼
 ∝  − 

∆𝐸

𝑘 𝑇
                                                  (3) 

 

where I700 and I650 are the integrated intensities of the two transitions: from the excited 
state 3F2,3 to ground state 3H6 and from the excited state 1G4 to the 3F4 level. 
The normalized emission spectra collected at increasing temperatures in Fig.6a show 
that the lower-energy levels (3F2,3) get populated with increasing temperature, in 
contrast to 1G4 level. In fact, as shown in Fig.6b, the integrated emission intensities of 
the two emission bands at 650 and 700 nm, exhibit a different temperature-dependent 
behavior. The intensity of 3F2,3 → 3H6 transition (700 nm) is enhanced monotonously 
by a factor of more than 3-fold between 250 and 400 K, followed by thermal 
quenching. On the other hand, the intensity of the emission band at 650 nm first rises 
with the increase of temperature until 260 K and then decreases. The ln(FIR) in the 
Arrhenius plot (Fig.6c), follows the linear prediction only at low temperatures 
(between 260 and 400 K). The best fit (ln(I700/I650) = 5.68–1755(1/T)), allowed to 
calculate an energy gap of 1220 cm-1, as previously estimated for the thermometer 
based on the ratio between the thermally coupled levels 3F2,3/3H4 in the same 
temperature range in Fig. 5 (ΔE ~ 1000 cm-1).   
Fig.6e and 6f depict the temperature dependence of the absolute and relative 
sensitivity. In this case, the sensitivities of the thermometer based on 3F2,3 and 1G4 
energy levels are unprecedently high. The absolute and relative sensitivity show a 
value of Sa of about 16.8·10-3 K-1 and Sr of 1.95% K-1 at 300 K, respectively. These 
values are superior to other previously reported for Tm3+-doped temperature sensors 
with the FIR technique based on the 3F2,3 and 1G4 levels. 
In comparison with other nano- or micro-sized thermometric systems14,15,18,19, based 
on different pairs of thermally coupled levels, it is noteworthy that the results here 
reported are very favorable, showing high relative sensitivity values and wide 
operating ranges of temperature  (see Table 2), irrespective of the pair of emitting 
levels considered, either 3F2,3/3H4 or 

3F2,3/1G4.  
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Fig.6 (a) Temperature dependence of PL emission spectra in the 80−500 K range, 
normalized to the 1G4 line. (b) Temperature dependence of integrated UCPL 

intensities of the Tm3+ transitions from 3F2,3 level to ground state 3H6 (red dots) and 
from 1G4 to 3F4 level (orange dots). The dotted lines have been added for guiding the 
eye. (c) Arrhenius plot, where the linearity for the Boltzmann law is true in a selected 

range of temperatures (260-400 K), and estimation of the distance in energy (ΔE) 
between the two levels. (d) Fit of the spectrum collected at 300 K, for the empirical 
estimation of ΔE as the distance between the barycenters (x3F2,3=14.27x103 cm-1, 
x1G4=15.44 x103 cm-1) of the two bands. (e) Absolute sensitivity of the 3F2,3/1G4 

Yb3+/Tm3+-based thermometric system, in the range of validity of the Boltzmann law, 
(f)Relative sensitivity of the 3F2,3/1G4 Yb3+/Tm3+-based thermometric system. (The blue 

frame indicates the physiological temperature range). 
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Sample Sr, T (% K-1, K) T range (K) method 
Bi2SiO5 NPs 1.30 (400) 400-800 3F2,3/3H4 
Bi2SiO5 NPs  1.95 (300) 260-400 3F2,3/1G4 
NaYF4 NCs14 1.53 (417) 300-500 3F2,3/1G4 
NaNbO3 NCs15 0.08 (293) 293-353 1G4 Stark levels 
CaF2 NPs18 0.20 (315) 293-318 3H4 Stark levels 
NaYbF4 particles19 0.05 (430) 400-700 1D2 /1G4 

 

Table.2 Comparison of relative sensitivities Sr at given temperature, operating 
temperature ranges and FIR method of different nano- or sub-micron sized Yb-Tm 

thermometric systems. 

 
7.3 Conclusions 
In this Chapter, we have proposed Ln3+-doped Bi2SiO5 NPs as new ratiometric 
luminescent probes for optical thermometry. For this purpose, we have investigated 
the temperature dependence of the emission intensity in a wide range of temperatures, 
evidencing at least one pair of thermally coupled excited states for each activator. 
Among the investigated dopants, are Er3+ and Tm3+ ions as activators, coupled with 
Yb3+ as sensitizer. 
Tm3+/Yb3+ systems offer in principle the advantage of a larger tissue penetration depth, 
thanks to the strong emission at around 800 nm. On the other hand, Er3+ green emission 
lies in the same region of the spectrum where tissue scattering and specific absorptions 
of tissue components (such as oxygenated blood, deoxygenated blood and melanin) 
are high, causing short tissue penetration depths and restricting the effective 
applicability of Er3+ ions in bio-imaging20,21. Moreover, a 980 nm infrared laser as 
excitation source is not the best option for biological applications, falling between the 
first and second biological windows, where light absorption from water arises. 
In general, for what concerns the systems here investigated, superior relative 
sensitivities Sr at 300 K and broader operating temperature ranges were found when 
compared to the values reported in previous works on similar Ln3+-doped 
systems1,2,18,22-25 (i); 14 (ii). 
By analysing the FIR between the thermally coupled levels 2H11/2/4S3/2 of Er3+/Yb3+ 
co-doped Bi2SiO5@SiO2 NPs system, we found a relative sensitivity value (Sr) at 300K 
of about 1.1% K-1, a wide operating temperature range (280-800), a small temperature 
uncertainty, representing the ability of the system to detect changes of temperature of 
the order of tenths of a Kelvin degree, and very high repeatability (>99%) upon thermal 
cycling experiment. 
Tm3+/Yb3+ co-doped Bi2SiO5@SiO2 NPs showed high relative sensitivity Sr, 
irrespective of the pair of emitting levels considered, may it be the thermally coupled 
pair 3F2,3/3H4 or 

3F2,3/1G4. However, in the first case, when considering the 
luminescence intensity ratio between 3F2,3 and 3H4 levels, the electronic population of 
the two states follows the laws of thermalization only above 400 K. For this reason, it 
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would be wiser to exclude the physiological temperature range and apply this method 
only for high temperature measurements (400-800K), thus hindering eventual 
biological applications. On the other hand, when considering the UC emissions 
originating from 3F2,3 and 1G4 states, even if they are not directly thermally coupled, 
high relative sensitivities were achieved in a lower temperature range from 260 to 
400K, reaching a value of 1.95% K−1 at 300K. This outcome is superior to other 
previously reported Sr values for Tm3+ ions doped temperature sensors using the FIR 
technique based on the same emitting levels. 
Despite these promising results, significant challenges remain, including for example 
the optimization of concentration and ratio of the dopants, the synthesis of UCNPs 
with higher quantum yields and the improvement of the host material, with the ultimate 
purpose of resolving temperature with an uncertainty of at least ± 0.1 °C. 

Materials and Methods 

Experimental Details. Upconversion photoluminescence (UCPL) measurements were 
performed with the use of laser diode (LD) from Thorlabs operating at 977 nm as 
excitation source. The temperature dependence of UCPL spectra (80−850 K) was 
investigated with a temperature-controlled stage (10 035 L, Linkam). All the spectra 
were calibrated by means of a standard halogen lamp (DH-2000CAL, Ocean Optics) 
to obtain spectra in the photon flux scale. In addition, the photon flux per constant 
wavelength interval function, ϕ(λ), is converted to photon flux per energy interval 
using the Jacobian transformation: 
 

𝑑𝜙(𝐸)

𝑑𝐸
 ∝  

𝑑𝜙(𝜆)

𝑑𝜆
𝜆                                                 (4) 

 

These measurements have been performed at Kyoto University. 
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CHAPTER 8 

 

 

 

Nd3+-doped bismuth silicate systems 
as ratiometric NIR-emitting optical 

thermometers   
 
ABSTRACT: In this chapter few luminescent temperature sensors based on Nd3+ ions 
are discussed. All three compounds of the Bi2O3-SiO2 binary system (see Fig.1 in 
Chapter 4), the metastable Bi2SiO5, the eulytite Bi4Si3O12 and the sillenite Bi12SiO20, 
have been investigated. 
All the different Nd3+-doped compounds were studied in the temperature range from 
roughly 80 K to 800 K, in order to analyze their thermometric response and asses their 
applicability as optical temperature sensors based on the FIR technique. For each 
sample, the 4F5/2 (~800 nm) and 4F3/2 (~890 nm) pair of thermally coupled levels has 
been considered, measuring the emission intensity ratio between them. 
The results obtained allowed to compute a relative sensitivity Sr of 1.4% K-1 for (i) 
Bi2SiO5@SiO2 NPs, 1.4%K-1 for (ii) Bi4Si3O12 @SiO2 NPs and 1.5% K-1 for (iii) bulk 
Bi12SiO20, respectively. The measurements showed a high grade of repeatability. 
Compared to previously discussed Er3+/Yb3+ doped Bi2SiO5@SiO2 nanoparticles, Nd3+ 
doped NPs (i) showed similar relative sensitivity values at 300 K (Sr = 1.1% K-1 and 
Sr = 1.4% K-1, for Er3+/Yb3+ and Nd3+ respectively), similar wide operating temperature 
ranges (200-800 K and 280-850 K, for Er3+/Yb3+ and Nd3+ respectively) and high 
repeatability (>99%). However, Nd3+-doped materials are usually more suitable for 
bio-imaging applications, since its typical radiative transitions occur in the NIR range, 
corresponding to the biological transparency window.  
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8.1 Nd3+ NIR-emitting optical thermometers  

Nd3+-doped luminescent materials are very versatile for biological applications,  
particularly as thermal sensors, due to the fact that both excitation and emission lie in 
the biological window, where the optical absorption from tissues is low1, even 
allowing to obtain a depth penetration of tens millimetres, that is many times larger 
than that obtained with Yb3+/Er3+ co-doped probes for deep-tissue imaging2. In this 
case the only source available was a 590 nm light diode, corresponding to another 
absorption band of Neodymium, but in principle an 800 nm NIR light source would fit 
best with biological applications. Respect to the previous systems (Chapter 7), the Nd3+ 
based temperature sensing relies on Stokes emission instead of on UC mechanism, 
resulting in an emission quantum yield two orders of magnitude higher3. 
Regarding Nd3+ ions, few different options are available to calculate the FIR 
parameter, depending on the thermally coupled energy levels considered, each pair 
with both advantages and disadvantages. For example, if considering (i) 4F5/2→4I9/2 

and 4F3/2→4I9/2 transitions or (ii) 4F7/2→4I9/2 and 4F3/2 →4I9/2 transitions, the 
disadvantage resides in the fact that the emission intensities from the excited levels 
4F7/2 (~750 nm) and 4F5/2 (~810 nm) are ~103 times lower respect to the intensity from 
the 4F3/2 (~890 nm) level, eventually making complicated to apply the FIR method. On 
the other hand, if considering (iii) two Stark components of the 4F3/2 multiplet, the short 
distance in energy between the two lines has the adverse effect of reducing the relative 
sensitivity of at least one order of magnitude. 
Up to now, the vast majority of works on Nd3+-based thermal sensors reports about the 
FIR parameter as the ratio between intensities of the two Stark sublevels of the 4F3/2 

multiplet3-5. Only few, including this study, deal instead with the ratio between 
4F5/2→4I9/2 and 4F3/2→4I9/2 transitions. These two emission bands lie in the NIR region, 
centered at about 810 and 890 nm respectively, and are separated by a quite short 
energy gap (~900 cm-1). In this case the electronic population of the 4F5/2 level 
increases at the expense of the 4F3/2 level, with increasing temperatures, following a 
Boltzmann-type distribution. The Fluorescence Intensity Ratio (FIR) is calculated as 
follows: 
 

𝐹𝐼𝑅 =
𝐼

𝐼
 ∝  − 

∆𝐸

𝑘 𝑇
                                                (1) 

 

where I810 and I900 are the integrated intensities of the two 4F5/2→4I9/2 and 4F3/2→4I9/2 

transitions. 
The advantage of considering these two transitions in the initial region of the NIR, 
corresponding to the first biological window (BWI), resides in the fact that a cheap 
silicon-based detection apparatus can be employed to register the PL emission spectra, 
respect to transitions occurring in the far NIR region. 
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8.2 Bi2SiO5:Nd3+@SiO2 core-shell NPs  
The normalized emission spectra collected at increasing temperatures in Fig.1a show 
a clear change in the PL emission intensities for the considered emission bands, 
whereas emission wavelengths remain unaffected. The most relevant emission 
intensity changes are observed for the 4F5/2 → 4I9/2 transition. 
The trend of the integrated intensities of the two considered emission bands of Nd3+ 
with increasing temperature can be observed in Fig.1b. The overall luminescence 
intensity (grey dots) constantly increases from 80 to 700 K, then remains constant until 
850 K. The intensity of the transition from 4F3/2 level shows an initial enhancement 
until 550 K, of about 1.6-fold, that gives then way to a slight emission quenching. On 
the other side, the intensity of the transition from the 4F5/2 levels increases 
uninterruptedly, and is enhanced by a factor of more than 20-fold from 80 to 850 K.  
The linearity of the Arrhenius plot in Fig.1c, evidences the thermal equilibrium 
between the two excited states, in a wide range of temperature, between 280 and 850K. 
The best fit (ln(I810/I890)=0.194–1290(1/T)), allowed to calculate an energy gap of 897 
cm-1 between the two thermally coupled levels. This accords excellently with the value 
estimated by the emission spectrum collected at 300 K (ΔE = 905 cm-1), as the distance 
in energy between the barycentres of the two emission bands (Fig.1d), ensuring a high 
degree of reliability. 
Fig.1e and 1f depict the temperature dependence of the absolute and relative 
sensitivities, respectively, showing a value of Sa of 0.25·10-3 K-1 and Sr of 1.4% K-1 in 
the physiological temperature range. Sr is interestingly high, mainly because of the 
large energy difference between the thermally coupled levels employed for the FIR 
method. In comparison with other nano- or sub-micron sized thermometric systems1, 

3-5, it is noteworthy that the results here reported are excellent, both in terms of relative 
sensitivity in the physiological temperature range and operating range of temperatures.  
Finally, the repeatability (or test-retest reliability) was measured by means of a thermal 
cycling experiment, based on four consecutive heating-cooling cycles between 300 
and 800 K, as shown in Fig.2. The computed repeatability is larger than 99%, 
representing the high reproducibility of the measurements. 
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Fig.1 (a) Temperature dependence of PL emission spectra in the 80−850 K range, 
normalized to the 4F3/2 line; (b) Temperature dependence of integrated PL 

intensities of the Nd3+ transitions from 4F5/2 (red dots), 4F3/2 (dark red dots) and the 
total sum of their intensities (grey dots); (c) Arrhenius plot in the temperature 

range of linearity for the Boltzmann law (280-850 K) and estimation of the 
distance in energy (ΔE) between the two thermally coupled levels; (d)Fit of the 
spectrum collected at 300 K, for the empirical estimation of ΔE as the distance 
between the barycenters (x4F3/2=11.4x103 cm-1, x4F5/2=12.3x103 cm-1) of the two 

multiplets; (e) Absolute sensitivity of the Bi2SiO5: Nd3+@SiO2 thermometric 
system; (f) Relative sensitivity of the Bi2SiO5: Nd3+@SiO2 thermometric system. 

(The blue frame indicates the physiological temperature range). 
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Fig.2 Repeatability upon temperature cycling between 250 and 850 K, R>99%. 

 
8.3 Bi4Si3O12:Nd3+@SiO2 core-shell NPs 
With the aim to figure out the potential of the Bi4Si3O12:Nd3+@SiO2 NPs system as 
ratiometric nanothermometer, the temperature dependence of the PL emission spectra 
of the system was investigated in a wide temperature range (100-700 K). 
As previously observed also for Bi2SiO5: Nd3+@SiO2 NPs, the emission spectra 
collected for Bi4Si3O12:Nd3+@SiO2 NPs at increasing temperatures, normalized on the 
4F3/2→4I9/2 transition, reported in Fig.3a show increasing emission intensities for the 
bands relative to 4F7/2→4I9/2 and 4F5/2→4I9/2 transitions, whereas emission wavelengths 
remain unaffected. In particular, the most relevant emission intensity changes are 
observed for the 4F5/2→4I9/2 transition, as expected. 
The integrated intensities of the thermally coupled emission bands of Nd3+ as a 
function of temperature, reported in Fig.3b, show that the overall luminescence 
intensity (grey dots) increases from 100 to 520 K, and then starts to drop. This reflects 
the emission intensity from 4F3/2 level that after an initial enhancement until 500 K, of 
about 1.5-fold, starts to decrease because of thermal quenching. On the other side, the 
intensity of the transition from the 4F5/2 levels increases uninterruptedly, and is 
enhanced by a factor of more than 30-fold from 100 to 700 K.  
The plot of the logarithm of the FIR thermometric parameter versus 1000/T reported 
in Fig.3c exhibits a good linearity between 260 and 700 K, demonstrating that the 
temperature dependence of the population ratio between the two excited states obeys 
to the Boltzmann distribution. The best fit (ln(I810/I890)=0.757–1205(1/T)), allowed to 
calculate an energy gap of 837 cm-1 between the two thermally coupled levels. This is 
quite close to the value estimated by the emission spectrum collected at 300 K 
(ΔE=1020 cm-1), as the distance in energy between the barycentres of the two emission 
bands (813 and 887 nm, respectively), as depicted in Fig.3d. 
Finally, the temperature dependence of the absolute and relative sensitivities, as 
indicators of the efficiency of the system in the range of linearity of the Boltzmann 
law, are reported in Fig 3e and 3f. The calculated values are Sa = 0.4·10-3 K-1 and Sr of 
1.4% K-1 in the physiological range. Sr is interestingly high, and comparable to the 
relative sensitivity found in the previous section for Bi2SiO5: Nd3+@SiO2.  
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Fig.3 (a) Temperature dependence of PL emission spectra in the 100−700 K 
range, normalized to the 4F3/2 line; (b) Temperature dependence of integrated PL 

intensities of the Nd3+ transitions from 4F5/2 (red dots), 4F3/2 (dark red dots) and the 
total sum of their intensities (grey dots); (c) Arrhenius plot in the temperature 

range of linearity for the Boltzmann law (260-700 K) and estimation of the 
distance in energy (ΔE) between the two thermally coupled levels; (d)Fit of the 
spectrum collected at 300 K, for the empirical estimation of ΔE as the distance 
between the barycenters (x4F3/2=11.3x103 cm-1, x4F5/2=12.3x103 cm-1) of the two 

multiplets, (e)Absolute sensitivity of the Bi4Si3O12:Nd3+@SiO2 NPs thermometric 
system; (f) Relative sensitivity of the Bi4Si3O12:Nd3+@SiO2 NPs thermometric 

system. (The blue frame indicates the physiological temperature range). 
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8.4 Nd3+-doped Bi12SiO20 
The temperature dependence of the UCPL emission spectra of the system was 
investigated in a wide temperature range (80-700 K). The emission spectra collected 
at increasing temperatures, normalized on the 4F3/2→4I9/2 transition to emphasize the 
relative increase of the emission from the 4F5/2 excited state (Fig.4a), show a clear 
change in the emission intensities for the considered emission bands, whereas emission 
wavelengths remain unaffected. As seen in the previous sections for other Nd-doped 
Bismuth silicate systems, the most relevant emission intensity changes are observed 
for the 4F5/2→4I9/2 transition. 
The trend of the integrated intensities of the two considered emission bands of Nd3+ 
with increasing temperature can be observed in Fig.4b. The overall luminescence 
intensity (grey dots) increases from 80 to 200 K, then starts to decrease and by 550 K 
drops to very low values. This reflects the emission intensity from 4F3/2 level that after 
an initial enhancement until, starts then to decrease and by 550 K its intensity starts to 
be drastically reduced because of thermal quenching.  On the other hand, the intensity 
of the transition from the 4F5/2 levels increases until 550 K and is enhanced by a factor 
of about 75-fold from 80 to 550 K.  
The linearity of the ln(FIR) versus 1000/T reported in Fig.4c, evidences the thermal 
equilibrium between the two excited states, in a wide range of temperature, between 
260 and 700 K. The best fit (ln(I820/I900)=0.614–1380(1/T)), allowed to calculate an 
energy gap of 959 cm-1 between the two thermally coupled levels. This is in good 
accordance with the value estimated by the emission spectrum collected at 300 K 
(ΔE=1110 cm-1), as the distance in energy between the barycentres of the two emission 
bands (Fig.4d). 
Fig.4e and 4f depict the temperature dependence of the absolute and relative 
sensitivities, respectively, showing a value of Sa of 0.3·10-3 K-1 and Sr of 1.5% K-1 in 
the physiological range. Sr is interestingly high, due to the large energy difference 
between the thermally coupled level, as observed for other Nd3+-doped thermometric 
system based on the fluorescence intensity ratio between 4F5/2 and 4F3/2 emitting levels. 
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Fig.4 (a) Temperature dependence of PL emission spectra in the 80−700 K range, 
normalized to the 4F3/2 line; (b) Temperature dependence of integrated PL 

intensities of the Nd3+ transitions from 4F5/2 (red dots), 4F3/2 (dark red dots) and the 
total sum of their intensities (grey dots); (c) Arrhenius plot in the temperature 

range of linearity for the Boltzmann law (260-700 K) and estimation of the 
distance in energy (ΔE) between the two thermally coupled levels; (d) Fit of the 
spectrum collected at 300 K, for the empirical estimation of ΔE as the distance 
between the barycenters (x4F3/2=11.1x103 cm-1, x4F5/2=12.2x103 cm-1) of the two 

multiplets; (e) Absolute sensitivity of the Bi12SiO20:Nd3+@SiO2 NPs thermometric 
system; (f)Relative sensitivity of the Bi12SiO20:Nd3+@SiO2 NPs thermometric 

system. (The blue frame indicates the physiological temperature range). 
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8.5 Conclusions 
In this Chapter, we have proposed Nd3+-doped bismuth silicate materials as 
luminescent probes for optical thermometry. Three different matrices, with specific 
crystal structures, have been investigated: Bi2SiO5, Bi4Si3O12 and Bi12SiO20, while 
Nd3+ dopant content was kept fixed at 2%at., since it showed the best performance in 
terms of luminescence intensity. 
To investigate the thermometric performance of the three different phases, we focused 
on the temperature dependence of the emission intensity in a wide range of 
temperatures, considering a pair of thermally coupled excited states. The two 
investigated thermal sensing peaks, corresponding to the 4F5/2 (~810 nm) and 4F3/2 

(~890 nm) radiative transitions to the ground level, are both situated within the first 
biological window, where the penetration of tissues is deeper due to a reduction in 
light absorption from water and lipids6, opening the way for sub-tissue thermal 
sensing. 
In general, for what concerns the systems here investigated, similar relative 
sensitivities Sr at 300K and operating temperature ranges were found. Table 1 
summarizes the Sa and Sr values calculated at 300K, and the temperature ranges of 
validity for the three systems investigated. 
 

Sample Sa (10-3 K-1) Sr (% K-1) T range (K) 
Bi2SiO5@SiO2 NPs 0.25 1.4 280-850 
Bi4Si3O12 @SiO2 NPs 0.40 1.4 260-700 
Bi12SiO20 bulk 0.3 1.5 260-700 

 

Table 1. Comparison between the thermometric performance of the different Nd3+-
doped bismuth silicate systems studied. 

 
This outcome is similar to what previously reported in literature for the same pair of 
thermally coupled levels1,7. On the other hand, if compared to the works based on the 
FIR between Stark sublevels3-5, a superior thermometric performance, both in terms of 
relative sensitivity and operating range of temperature, is found. 
Despite these promising results, significant challenges remain, including the 
optimization of the dopant concentration to avoid concentration quenching effects and 
the improvement of the host matrix. 

Materials and Methods 

Experimental Details.  

Photoluminescence (PL) measurements were performed with the use of a USB-
powered LED mount (LEDMT1F, Thorlabs) with a 590 nm LED (FWHM = 16 nm), 
equipped with a collimator, and collecting with a Si CCD spectrometer (QE-65Pro, 
Ocean Optics) coupled with a fiber. The temperature dependence of PL spectra 
(80−850 K) was investigated with a temperature-controlled stage (10 035 L, Linkam). 
All the spectra were calibrated by means of a standard halogen lamp (DH-2000CAL, 
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Ocean Optics) to obtain spectra in the photon flux scale. In addition, the photon flux 
per constant wavelength interval function, ϕ(λ), is converted to photon flux per energy 
interval using the Jacobian transformation: 
 

𝑑𝜙(𝐸)

𝑑𝐸
 ∝  

𝑑𝜙(𝜆)

𝑑𝜆
𝜆                                                 (2) 

 

These measurements have been performed at Kyoto University. 
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CHAPTER 9 

 

 

 

Conclusions and future perspectives 

 
The technological revolution we are facing nowadays due to the introduction of 
nanotechnology in daily life has led to an increasing demand towards the development 
of new efficient nanomaterials. Nevertheless, the real integration of nanoparticles and 
nanotechnology in industrial and scientific applications has yet to reach its apex and 
this is particularly true for biological applications. In this field, luminescent 
nanomaterials can address several challenges and provide innovative solutions, due to 
their unique optical properties different from other conventional bulk fluorophores. In 
parallel, many other fields of photonics, such as lasing, energy harvesting, anti-
counterfeiting and lightening are investing on nanotechnologies, continuing to break 
new-frontiers. In this context, the phrenetic race to the innovation demands continuous 
technical progresses and the development of new luminescent nanomaterials with 
improved performances. 
From the technological point of view, if from one hand the uniformity of the 
nanoparticles is still a critical parameter for many families of compounds, on the other 
hand, the ability to control the response of the materials to external stimuli could pave 
the way for new applications. In recent years, a lot of interest was gained by the 
potential of luminescent nanothermometry to probe intracellular temperature or to map 
the dissipation in microelectronic circuits, but also to locally probe phase transition 
temperatures and to measure in-situ thermal gradients in catalytic reactions. In this 
view, the stability of nanomaterials towards different harsh parameters, such as high 
temperatures, pressure or acid/basic environments, has become a fundamental 
requirement. 
With this challenge in mind, we proposed a new bismuth-based luminescent 
nanosystem for a wide spectrum of potential applications, that could range from multi-
modal bioimaging to anti-counterfeiting, lightening, intra-cellular temperature sensing 
and contact-less thermometry in catalytic reactions. In particular, low toxicity, low 
cost and high atomic number (Z) bismuth-based compounds are extremely suitable for 
the development of diagnostic nanoprobes, allowing to integrate numerous imaging 
techniques.  
We discussed the development of a new class of UCNP: Bi2SiO5:Ln@SiO2, through a 
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simple three-steps strategy: the synthesis of monodisperse Ln-doped Bi2O3 NPs, the 
growth of a silica shell and finally a thermal treatment for the stabilization of the 
desired system. Uniform, monodispersed, crystalline, lanthanide-doped (Yb, Er, Ho 
and Tm) nanoparticles were obtained, with a high control on particle shape and size 
(which can be complicated in particular in the case of oxides). The formation of the 
Bi2SiO5 single phase was triggered by the local reactivity between Bi2O3 and SiO2, in 
the Bi2O3@SiO2 system, leading to a double layered Bi2SiO5@SiO2 hollow 
nanosystem. The accurate choice of precipitant and capping agents allowed to 
modulate the size of the obtained spherical NPs. The fine control of the SiO2 shell 
thickness as a function of the silicon precursor (TEOS) added into the reaction, was 
modelled on a theoretical and experimental approach. The silica coating thickness 
proved to be a fundamental parameter on the stabilization of the expected phase, 
alongside calcination temperature. The improvement of all these factors, led in the end 
to the stabilization of the metastable Bi2SiO5 phase. Moreover, the ideal dopant 
concentration was established, in order to keep morphology and size unchanged. The 
tunability of the UC emission was investigated by co-doping the system with different 
combinations and relative concentrations of lanthanide ions. A cell viability assay was 
conducted on four different cell lines, demonstrating the high biocompatibility of 
Bi2SiO5:Ln@SiO2 UCNPs. We proved also that the silica coating was beneficial to the 
mitigation of the well-known bismuth silicate photocatalytic activity, that in this case 
resulted to be unwanted, eventually representing a limiting factor to some destinations 
of use. By considering potential applications as biomarker for tumoral cell temperature 
or as thermometer for chemical reactors, another key parameter is the stability of the 
material to the surrounding environment. As a matter of fact, chemical stability at 
different pH is an essential requirement. For this reason, we investigated the resistance 
of Bi2SiO5@SiO2 NPs to the exposure to acid solutions with different pH, proving the 
overcoming of the bottleneck of the instability in acid environments, that is typical for 
bismuth-based materials, up to pH<1. 
With the aim to design an ideal optical nanothermometer for a broad temperature range 
to be used in biological and different catalytic environments, the key parameters are 
(i) a high degree of reliability, (ii) the ability to discriminate small variation of 
temperature together with (iii) increased stability at high temperatures and extreme 
environments. A unique reliability can be achieved by designing a ratiometric 
thermometer based on the Maxwell-Boltzmann distribution of two thermally coupled 
excited states. The potential of the Bi2SiO5:Ln@SiO2 nanosystem as ratiometric 
nanothermometer was then demonstrated, investigating the temperature dependence 
of the emission intensity from the thermally coupled levels of Er3+ (2H11/2/4S3/2) (i), 
Tm3+ (3F2,3/3H4 and 3F2,3/1G4) (ii) and Nd3+ (4F5/2/4F3/2) (iii), in a wide range of 
temperatures (80-800K). Among the most important parameters used to evaluate the 
potentials of the system, the relative sensitivity 𝑆  was demonstrated to be a figure of 
merit useful to compare the performances irrespective to the nature of the 
thermometer. 𝑆 , calculated in the range of linearity of the Boltzmann law, showed 
appealing values for all the three systems: 1.1 (i), 1.3 (ii) and 1.4% K-1 (iii), 
respectively. All the measurements showed a high degree of repeatability. As a 
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comparison, also Nd3+-doped Bi4Si3O12 @SiO2 NPs (iv) and bulk Bi12SiO20 (v), i.e. the 
other compounds of the Bi2O3-SiO2 binary system, were investigated. Similar 𝑆  
values were found: 1.4 (iv) and 1.5%K-1 (v), respectively. 
We concluded that the visible emitted wavelength generated by Er3+ ions restricts their 
real bioapplication due to their short tissue penetration depths (caused by tissue 
scattering and specific absorptions of tissue components such as melanin and 
hemoglobin). Tm3+ ions might be considered as an alternative, thanks to the strong 
emission at around 800 nm lying within the first biological window (700-950 nm). 
However, a 980 nm infrared laser as excitation source, required to excite Yb3+ co-
doped UC systems, is not the best option for biological applications, falling between 
the first and second biological windows, where light absorption from water arises. 
On the other hand, Nd3+-doped luminescent materials are very versatile for biological 
applications,  particularly as thermal sensors, due to the fact that both excitation and 
emission lie in the biological window, where the optical absorption from tissues is low, 
even allowing to obtain a depth penetration of tens millimetres, that is many times 
larger than that typically obtained with Yb3+/Er3+ co-doped probes for deep-tissue 
imaging. However, they usually suffer from low thermal sensitivity. This means that 
up to date, a flawless thermometric probe has yet to be discovered. 
This research showed promising results and answered many questions. Nevertheless, 
ample room is available for experimental and theoretical investigations to be 
conducted in the future. 
Speaking of the properties of Bi2SiO5:Ln@SiO2 NPs, despite the encouraging 
outcome, some challenges remain, such as the improvement of the emission efficiency 
by optimization of the ratio and relative concentration of dopants, the better control of 

particle size,  the optimization of the colloidal stability, and the improvement of 
temperature resolution and sensitivity. 
Towards the eventual translation to the fabrication of Bi2SiO5:Ln@SiO2 as probes for 
bioimaging, efforts should be focused on the need to overcome the biological obstacles 
faced by Bi-NPs in vivo, optimizing their physicochemical properties for a better 
cellular internalization and extensively investigating the in vivo toxicity of the NPs. In 
fact, surface functionalizations are tremendously important to determine the toxicity 
and the effectivity of NPs when they are introduced into the body. To improve the 
circulation time of the nanostructures, PEG modification could help escaping the 
reticulo-endothelial system and some nonspecific uptake mechanisms. Moreover, the 
synthesis of targeted NPs would be essential to improve the possibility of using these 
materials in medical imaging, allowing to vastly reduce the concentration of NPs to be 
administered, minimizing toxicity and side-effects. 
 
 


	Fig.3 (a) Temperature uncertainty. (b) Repeatability, upon four subsequent temperature cycling between 300 and 800 K. The computed parameter R was >99%.

