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Bismuth-based (nano)materials have been attracting increasing interest due to appealing properties such as high refractive indexes, intrinsic opacity and structural distortions due to the stereochemistry of 6s2 lone electron pairs of Bi3+. However, the control over specific phases and strategies able to stabilize uniform bismuth-based (nano)materials are still a challenge.
In this study, we employed the ability of bismuth to lower the melting point of silica to introduce a new synthetic approach able to confine the growth of bismuth oxide-based materials into nanostructures. Combining in-situ temperature dependence synchrotron radiation XRPD along with HR-TEM analyses, we demonstrate the evolution of a confined Bi2O3-SiO2 nanosystem from Bi2SiO5 to Bi4Si3O12 through a melting process. The silica shell acts as both nanoreactor and silicon source for the stabilization of bismuth silicate glass ceramic nanocrystals keeping the original spherical shape. The exciton peak of Bi2SiO5 is measured for the first time allowing the estimation of its real energy gap. Moreover, based on a detailed spectroscopic investigation, we discuss the potentials and the limits of the Nd3+-activated bismuth silicate systems as ratiometric thermometers. The synthetic strategy introduced here could be further explored to stabilize other bismuth oxide-based materials opening the way towards the growth of well-defined glass-ceramic nanoparticles.


1. INTRODUCTION
Bismuth-based compounds are an intriguing family of materials finding application in a variety of fields, ranging from superconductors [1-3] to batteries [4,5], water splitting [6], cosmetics [7,8] and fuel cells [9], to name a few. The role played by the 6s2 lone pair electrons of Bi3+ ions in the chemistry and the electronic/crystalline structures of bismuth compounds leads to unique and unusual properties of this family [10-12]. Moreover, characteristics such as low toxicity [13,14] and intrinsic opacity, suitable for computed tomography [15], make these compounds appealing also for biological applications [16-18].
In the last decade, bismuth-based inorganic compounds were also demonstrated to be particularly effective as hosts for luminescent ions such as lanthanides [14,19-24] and transition metals [25-27]. Indeed, they are characterized by high refractive indexes which are directly related to the spontaneous emission probability of electric dipole emission transitions, making bismuth-based compounds particularly appealing for this application. In addition, many bismuth-based materials are characterized by intrinsic luminescent properties due to the s-p transitions typical of the Bi3+ ions [28-32].
Bismuth silicates are a family of compounds of general formula BixSiyOz combining the interesting properties of bismuth oxide-based compounds with the chemistry of silicon oxide materials exploited in a wide variety of technological applications. The main compounds belonging to the SiO2-Bi2O3 phase diagram are: (i) Bi12SiO20, (ii) Bi2SiO5 and (iii) Bi4Si3O12 [33-35]. The sillenite Bi12SiO20 exhibits dielectric, piezoelectric and photocatalytic properties [36-38]. The eulytite Bi4Si3O12 was investigated as promising scintillator [39,40] while the metastable Bi2SiO5 was proposed as the next-generation lead-free ferroelectric [41-45]. Taniguchi et al. deeply investigated the structural properties of the bulk Bi2SiO5 [46] and the effect of the La3+ doping [47]. Nanosheets of the metastable Bi2SiO5 were synthetized by template-free hydrothermal synthesis [48] and monodispersed lanthanide-doped Bi2SiO5 nanoparticles (NPs) were stabilized by the thermal treatment of monodispersed Bi2O3@SiO2 core shell nanostructures [14,21,22]. However, up to now, there is no report on the synthesis of monodisperse Bi4Si3O12 NPs. From the application point of view, the ability of bismuth to lower the melting point of glasses is widely exploited for sealing applications of electronic components, solar cell modules and glass windows [49,50]. At the nanoscale, this concept was employed to develop sealed UV filters [7,8] and to stabilize the Bi2SiO5 phase [14,21,22]. However, the high reactivity between bismuth and silica can be further explored to design new nanostructures (such as Bi4Si3O12), widening the application fields.
Here, we introduce the synthesis of monodisperse Nd3+-doped bismuth silicates glass ceramic nanoparticles (Bi4Si3O12@SiO2 and Bi2SiO5@SiO2) by investigating the thermal effect on the system stabilized inside the NPs of Bi2O3@SiO2. The structural and morphological evolution of the system was followed by means of in-situ temperature dependence synchrotron radiation XRPD (SR-XRPD) patterns along with HR-TEM analysis. The evolution is consistent with the Bi2O3-SiO2 phase diagram. The stabilization of monodisperse glass-ceramic nanosystems into a silica shell has the great advantage of isolating the materials from the external environment improving the stability and the fields of application. The real bandgap of Bi2SiO5 was estimated by measuring the low temperature exciton peak. Finally, we compared the thermometric properties of the Nd3+-activated bismuth silicate NPs discussing the potentials and the limits in physiological and mild/high temperatures of these contactless nanothermometers, showing suitable properties for applications requiring not only thermal but also chemical stability such as in the catalytic field.

2. EXPERIMENTAL
2.1. Chemicals and Materials. Bi(NO3)3·5H2O (99.9%), Nd(NO3)3·5H2O (99.9%), tetraethoxysilane (TEOS, 98%), sodium hydroxide (97%) and ethylene glycol (EG, 99.8%) were purchased from Sigma Aldrich. Poly(vinylpyrrolidone) (PVP, Mw = 40 000) was obtained from Fluka Analytical. Nitric acid (HNO3, 65%) and ammonia (NH3, 30%) were purchased from Carlo Erba. All the chemicals were reagent grade and used without further purification.
2.2. Synthesis of Bi2O3:Nd Nanoparticles. Neodymium-doped bismuth oxide NPs were prepared using a modified literature method [51]. In a typical synthetic process, separate bismuth and neodymium nitrate solutions (75 mM) were prepared by dissolution in HNO3 (1 M) and mixed to obtain the desired Bi:Nd=0.0204 ratio (for the target Bi1.96Nd0.04O3). PVP Mw = 40000 (7.5 μmol) was added to the solution (20 mL) 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 10 minutes and then transferred into a stainless-steel autoclave with a Teflon liner, 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 pure ethanol. Finally, the samples were dried for further characterizations. 
Silica Coating Over Bi2O3:Nd Nanoparticles. 0.3 g of Bi2O3:Nd NPs were ultrasonically and homogeneously dispersed in the mixture of 240 ml ethanol, 60 ml deionized water and 6 ml of concentrated NH3 solution (30%). Finally, TEOS (0.6375 ml) was added dropwise to the mixture. After stirring the mixture at room temperature for 6 h, the silica coated NPs were centrifuged and washed 3 times with ethanol, then dried at room temperature.
Synthesis of Bi2SiO5:Nd3+@SiO2 and Bi4Si3O12:Nd3+@SiO2 Nanoparticles. To obtain the desired phases, the silica coated Bi2O3:Nd3+ NPs were thermally treated at 700°C (for Bi2SiO5) or at 900 °C (for Bi4Si3O12) in air for 2 h.
2.3. Characterization. X-ray powder diffraction (XRPD) measurements were performed by means of a Philips X’Pert diffractometer with a PW 1319 goniometer (Bragg-Brentano geometry), connected to a highly stabilized generator, a focusing graphite monochromator, and a proportional counter with a pulse height discriminator. Nickel-filtered Cu Kα radiation and a step-by-step technique with collection times of 30 s per step (steps of 0.05° in 2θ) were employed.
Bismuth and neodymium concentrations were determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). About 10 mg of the solid powder were placed into a 50 mL polypropylene tube and mineralized with 20 ml of aqua regia (ultra-pure grade HCl and HNO3 3:1 v/v) by ultrasonication for 2 h at 25 °C (80% power, ultrasonic bath CP104, CEIA), followed by stirring overnight at 100 rpm (VDRL 711, Opto-lab,). The digests were diluted in Milli-Q water (18 MΩ·cm at 25 °C) and analyzed using an instrument iCAP 7000 Plus (Thermo Scientific, Bremen) equipped with a glass concentric nebulizer and a glass cyclonic spray chamber. Bismuth and neodymium were monitored in axial mode at the emission lines of 223.061 and 401.225 nm, respectively. Quantification was obtained by external calibration using standards prepared from certified solutions of mono-elemental neodymium and multi-elemental ICM-103 (UltraScientific).
Size and morphology investigation of the NPs and energy dispersive X-ray spectrometry (EDS) analysis were carried out with a Carl Zeiss Sigma VP field emission scanning electron microscope (FE-SEM) equipped with a Bruker Quantax 200 microanalysis detector. The EDS spectra and maps 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 an ultrahigh-resolution 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. The size distributions of the NPs were estimated by analyzing about 1000 NPs for each sample.
The diffuse reflectance spectra were collected by a spectrophotometer (Shimadzu, UV3600) equipped with an integrating sphere. The samples were pelletized, and barium sulfate was used as standard.
The temperature dependent in-situ SR-XRPD measurements were performed at the MCX beamline (Elettra Synchrotron Light Source Laboratories in Trieste, Italy) at a wavelength of λ=1.033 Å. A quartz glass capillary was used as the sample holder and silicon powder (SRM640c from NIST) was used as a standard [52].
The PLE spectrum in the VUV-visible region (100-500 nm) was measured at the BL3B beamline of the UVSOR facility (Institute for Molecular Science, Okazaki, Japan) under helium cooling (8 K). The beamline consists of a 2.5 m off-plane Eagle-type normal incidence monochromator, which covers the VUV, UV, and visible regions. In the present experiments, a spherical grating with a groove density of 300 lines/mm optimized at a photon energy of ∼12 eV was used. High-order light from the normal incidence monochromator was removed using lithium fluoride and quartz plates and colored glass filters. The PLE spectra obtained were corrected for the spectral distribution of the excitation light source.
Photoluminescence (PL) measurements were performed exciting by means of a USB-powered LED mount (LEDMT1F, Thorlabs) with a 590 nm LED (FWHM = 16 nm), equipped with a collimator or a 745 nm laser (MDL-III-745-30mW, Changchun New Industries Optoelectronics Tech. Co. LTD) and collecting with a Si CCD spectrometer (QE-65Pro, Ocean Optics) and an InGaAs based spectrometer (NIRQuest512, Ocean Optics) for the NIR region, coupled with a double fiber. The PL excitation (PLE) spectra were collected 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.
The temperature dependence of PL spectra (80-700 K) was investigated with a temperature-controlled stage (10035 L, Linkam) and checked by using a cryostat (VPF 800, Janis). All the spectra were calibrated by means of a standard halogen lamp (DH-2000CAL, Ocean Optics) to obtain spectra in the photon flux scale and converted to photon flux per energy interval using the Jacobian transformation.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Analysis: Formation. With the aim of stabilizing Nd3+ into Bi2SiO5 and Bi4Si3O12 nanoparticles, we adopted a strategy consisting in the thermal treatment of well dispersed Bi2O3:Nd3+@SiO2 core-shell nanoparticles. This synthetic procedure was recently introduced by Back et al. [22,14] to prepare well dispersed upconverting Bi2SiO5:Yb,Er@SiO2 and Bi2SiO5:Yb,Tm@SiO2 NPs, demonstrating the formation of uniform double-layered Bi2SiO5@SiO2 hollow nanostructures due to the reactivity between the Bi2O3 core and SiO2 shell. The Nd concentration was fixed to 2 at.% in order to optimize the luminescent intensity and avoid the cross-relaxation processes responsible for the enhancement of the decay rates of the 4F3/2 and 4F5/2 levels and consequently the shift to higher temperatures of the onset of the temperature range responding to the Boltzmann law, as recently demonstrated by Suta et al. [53] for concentrations over about 2 at. %.
The structural and morphological features of the Bi2O3:Nd@SiO2 NPs treated at 700 and 900 °C are summarized in Figure 1. The starting Bi2O3:Nd3+ nanoparticles were prepared by using NaOH as precipitating agent, resulting in well dispersed NPs of 112±24 nm (representative SEM images in Figure S1a) and a silica shell of about 30-35 nm thickness was added by the Stöber method (representative SEM images in Figure S1b). In addition to the stabilization of Bi2SiO5 at 700 °C, consistent with the previous reports [22,14], a thermal treatment at 900 °C allows the stabilization of the pure Bi4Si3O12 into the silica shell, as shown by the Rietveld analysis in Figure 1a and d, respectively. The Nd3+ doping stabilizes the tetragonal  polymorph of Bi2SiO5 (structure in Figure 1b) in agreement with the effect reported for La3+ [47] and other lanthanides ions [14,22], while at 900 °C the Bi4Si3O12:Nd3+ crystallizes in the typical eulytite cubic structure (space group , Figure 1e). The theoretical concentration of Nd doping of 2 at. % was confirmed by both EDX analysis and ICP analysis by detecting the Bi:Nd ratio in both the bismuth silicates (Table 1) suggesting no loss of material during the thermal treatments thanks to the confinement into the silica shell.
SEM images were collected for the nanoparticles treated at different temperatures to investigate the effect of temperature on the morphology and size of the starting Bi2O3:Nd@SiO2 spherical NPs. As evidenced in Figure 1c and f, the spherical shape is kept independently from the temperature. The large difference in electronic density between Si and Bi allows to clearly distinguish the elements into the NPs by electronic microscopy. Both the samples are characterized by the presence of a silica shell. However, a clear difference can be visualized inside the SiO2 shell; if in the case of the Bi2SiO5 stabilization at 700 °C, the system consists in a double layered Bi2SiO5:Nd3+@SiO2 hollow nanosystem, at 900 °C, it evolves into Bi4Si3O12:Nd3+@SiO2 glass ceramic NPs.
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Figure 1. Structural and morphological properties of the Nd3+-doped bismuth silicate nanoparticles. (a,d) XRPD patterns, (b,e) schematic structures along with the local symmetry of the Nd3+ substitutional site and (c,f) SEM images of the Bi2SiO5:Nd3+@SiO2 and Bi4Si3O12:Nd3+@SiO2 nanosystems obtained by annealing of the Bi2O3:Nd3+@SiO2 precursor at 700 °C and 900 °C, respectively (scale bars, 1 μm).

Table 1. Comparison between the Nd:Bi ratio measured by means of the ICP-OES and EDS techniques along with the theoretical value (derived from the formula Bi1.96Nd0.04O3) for both the samples treated at 700 and 900 °C.
	Sample
	Nd:Bi (Theoretical)
	Nd:Bi (ICP)
	Nd:Bi (EDS)

	Bi2SiO5:Nd3+
	0.0204
	0.0204 ± 0.0005
	0.023 ± 0.002

	Bi4Si3O12:Nd3+
	0.0204
	0.024 ± 0.004
	0.024 ± 0.002



To figure out the origin of the different morphology of the Bi2SiO5@SiO2 and Bi4Si3O12@SiO2 samples shown by the SEM images, TEM analyses were also employed. Representative HR-TEM images of the samples along with the size distributions of the NPs are shown in Figure 2. An average size of 175±21 nm was determined for the sample annealed at 700 °C and 163±21 nm at 900 °C. The emptying of the Bi2O3 NPs core evidenced by the TEM images when the Bi2O3@SiO2 NPs are treated at 700 °C leading to a double layered hollow nanostructure of Bi2SiO5@SiO2, is confirmed by the decreasing of the average NPs size at 900 °C when the reorganization of the system results into a Bi4Si3O12@SiO2 glass ceramic nanosystem.
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Figure 2. Nanoparticles morphology and size distributions. HR-TEM images along with size distributions of untreated Bi2O3:Nd@SiO2 (a-c) Bi2SiO5:Nd@SiO2 (d-f) and Bi4Si3O12:Nd@SiO2 (g-i). Scale bars 50 nm.
Both the SEM and TEM analyses suggest an evolution from Bi2SiO5 to Bi4Si3O12 into the silica shell that seems to pass through a melting process leading to a complete reorganization of the structure. This hypothesis is corroborated by the change in the NP’s sizes (Figure 2) and by the temperature dependence of the in-situ synchrotron radiation XRPD patterns investigated in an undoped Bi2O3@SiO2 sample (Figure 3).
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Figure 3. In-situ temperature dependent synchrotron X-ray powder diffraction patterns (λ = 1.03333 Å) of an undoped Bi2O3@SiO2 sample during the heating (773-1173 K, 100 K step) and the cooling (1073-300 K, 200 K step) stages. * refers to cristobalite caused by the thermal treatment of the silica capillary.

From the structural evolution followed by the temperature dependence of the XRPD patterns, after the stabilization of Bi2SiO5 between 873 K and 973 K, we recognized an amorphization from 1073 K and the appearance of the Bi4Si3O12 phase along with this amorphous phase by cooling from 1173 K. The pure cubic Bi4Si3O12 phase is then obtained at room temperature after the cooling from 1173 K (Figure 3b). By considering the Bi2O3-SiO2 phase diagram [33-35], the amorphisation can be explained as the melting of the material inside the NPs before the Bi4Si3O12 crystallization, in agreement also with the unusual morphology of the NPs.

3.2. Optical Properties of Nd3+ in Bi2SiO5@SiO2 NPs. The optical properties of Nd3+ doped bismuth silicates were already investigated for Bi4Si3O12 [54-56]. However, for the best of our knowledge, there is no report on the spectroscopy of Nd3+ into Bi2SiO5 crystal. In this view, we firstly analyzed the 2S+1LJ multiplets of Nd3+ in Bi2SiO5 The spectroscopic properties of Nd3+ in Bi2SiO5 are summarized in Figure 4.
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Figure 4. Spectroscopy of Bi2SiO5:Nd3+@SiO2. (a) Diffuse reflectance spectrum along with Kubelka-Munk function (inset) of the Nd3+ absorptions. PL and PLE spectra exciting at 590 nm and collecting at 1070 nm at 100 K (b) and 300 K (c).

The Kubelka-Munk (K-M) function  of the diffuse reflectance spectrum () exhibits the f-f absorption transitions of Nd3+ in Bi2SiO5 (Figure 4a). PL and PLE spectra were also measured at 100 K and 300 K (Figure 4b and c, respectively). The PLE spectra agree with the absorption lines collected by the K-M function of the diffuse reflectance, while the PL spectra are composed by emissions at ~900 nm, ~1050 nm and ~1350 nm due to the typical transitions 4F3/2→4I9/2, 4F3/2→4I11/2 and 4F3/2→4I13/2, respectively (average  values of the main transitions are summarized in Table 2).

Table 2. Experimental average energy of the main transitions of Nd3+ in Bi2SiO5.
	Transition
	4F7/2→4I9/2
	4F5/2+4S3/2→4I9/2
	4F3/2→4I9/2
	4F3/2→4I11/2
	4F3/2→4I13/2

	 (cm-1)
	13303
	12376
	11442
	9360
	7403
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Figure 5. Bi2SiO5 exciton peak. Synchrotron radiation excited VUV PLE (a) and PL (b) spectra collected at 8 K of the Bi2SiO5:Nd3+@SiO2 sample for the estimation of the exciton peak.

From the Tauc plot  versus , where  is the K-M function of the reflectance spectrum, an optical bandgap energy of 3.75 eV is estimated (Figure S2). Even though this value is in good agreements with previous reports [21,14], it is well known that this procedure underestimates the real value. In the attempt to provide a precise evaluation, the low temperature synchrotron radiation VUV-vis PLE spectrum was collected at 8 K (Figure 5a), estimating the exciton peak =4.3 eV. To calculate the real VB→CB energy gap , the electron-hole binding of the exciton needs to be considered. By using the estimation proposed by Dorenbos for small band gap compounds [57], the energy gap of Bi2SiO5 can be calculated by the correlation: . The energy gap is therefore calculated to be =4.45 eV. It is interesting to note how the energy gap of Bi2SiO5 is almost 1 eV narrower than that one calculated for Bi4Si3O12 (5.40 eV [58]) and this can be roughly explained by considering the different Bi2O3:SiO2 molar ratio between the two compounds. 
The corresponding PL spectrum of the 4F3/2→4I9/2 transition collected at 8 K is shown in Figure 5b, allowing the discrimination of the energy Stark levels of the multiplet manifolds for the 4I9/2 ground state (labelled as Ri with i=0,1,2,3 and 4). In fact, at this temperature, only the lower level (labelled as Z2) of the two 4F3/2 states is populated, resulting in five well separated Z2→Ri emission peaks (corresponding energies of the Ri states of 4I9/2 are 0, 168, 232, 286 and 427 cm-1).

3.3. Thermal Sensing Properties: Boltzmann Thermometry. The potential of the two nanosystems as optical thermometers was assessed by collecting the spectra in the 100-700 K temperature range (Figure 6a and e). Due to the good matching with the sensitivity curve of the cheap and easily accessible Si detectors, we focus our attention on the transitions to the 4I9/2 state (4F3/2→4I9/2). In this view, the thermometric parameter to probe the temperature was defined as the intensity ratio  where  and  represent the intensity of the 4F3/2→4I9/2 and 4F5/2→4I9/2 transitions, respectively. Figure 6 summarizes the optical thermometric properties of Nd3+ in both the systems. Increasing the temperature, the emission from the 4F5/2→4I9/2 transition starts to be visible from about 250 K due to the thermal population from the 4F3/2 excited state. The ratio between 4F5/2→4I9/2 and 4F3/2→4I9/2 follows the Boltzmann law in the whole temperature range from 280 K, as attested by the good linearity of the Arrhenius plots (Figure 6b and f). The energy gap  between 4F5/2 and 4F3/2 was extrapolated from the linear fit to be 897±8 cm-1 and 833±8 cm-1 in Bi2SiO5 and Bi4Si3O12, respectively. These values are in agreement with the energy separation estimated from the spectra (~934 cm-1 and ~992 cm-1 in Bi2SiO5 and Bi4Si3O12, respectively). The use of a simple and clear physical model describing the optical thermometer is a unique advantage leading to a reliable thermometer. In addition, the Boltzmann thermometers are also characterized by being intrinsically primary thermometers [59].
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Figure 6. Thermometric performances of the thermometers built by considering the ratio between the 4F5/2→4I9/2 and 4F3/2→4I9/2 transitions for both the Bi2SiO5:Nd3+@SiO2 and Bi4Si3O12:Nd3+@SiO2 nanosystems. (a,b) Representative temperature dependence PL spectra in the 100-700 K range (50 K step) exciting at 590 nm, normalized to the 4F3/2→4I9/2 emission. (c,d) Arrhenius plot to calibrate the thermometers along with the linear fits. (e,f) Temperature dependence of the absolute , relative  sensitivities and the calculated thermal resolution .

The key parameters to describe the potentials of the thermometers such as the absolute sensitivity (), the relative sensitivity () and the thermal resolution (, also known as temperature uncertainty ) were estimated based on the following definitions



where  is the uncertainty in the  calculation and the thermal resolution can be calculated from the experimental spectra considering the real signal-to-noise from the spectra in the energy scale considering

and assuming , where  is the uncertainty by the readout fluctuation of the base line and  is the average intensity evaluated over the whole emission spectral range ()

The values describing the thermometric performances are shown in Figure 6e and f for Bi2SiO5:Nd@SiO2 and Bi4Si3O12:Nd@SiO2, respectively. Despite the promising relative sensitivity values of 1.43 %·K-1 and 1.33 %·K-1 at 300 K, for Bi2SiO5:Nd@SiO2 and Bi4Si3O12:Nd@SiO2, respectively, the small absolute sensitivity values in the order of 10-4 are responsible for the high thermal resolutions [26,27], not suitable in the physiological temperature range (1.1 K and 1.8 K at 300 K for Bi2SiO5:Nd@SiO2 and Bi4Si3O12:Nd@SiO2, respectively). However, it is worth noting the thermal resolution values are around 1 K in the whole temperature range up to 700 K, remarkable values for such high temperatures.
Boltzmann thermometers can also be designed by considering the two Stark levels of the 4F3/2 (labelled as Z1 and Z2 states) as analyzed in Figure 7. By focusing on the 260-350 K range, exciting in the first biological window at 745 nm, both the systems show a good linearity in the Arrhenius plots, with an energy gap between the excited states  of 137±4 and 113±1 cm-1 for Bi2SiO5 and Bi4Si3O12, respectively (Figure 7c and d). Within the experimental errors, these values are in good agreement with the experimental values from the PLE and Kubelka-Munk for Bi2SiO5 (~156 cm-1) and the PLE and theoretical estimation for Bi4Si3O12 (~132 cm-1 [54,55]). Despite the small  values due to the small energy gaps between the Stark levels (0.22 %·K-1 and 0.18 %·K-1 at 300 K for Bi2SiO5 and Bi4Si3O12, respectively), the thermometers designed as the intensity ratio between the transitions coming from these levels are characterized by the advantage of a simple measurement and absolute sensitivity values of one order of magnitude higher than that one of the 4F3/2-4F5/2 thermometers (in the order of 10-3). However, by considering the spectra, the temperature uncertainty  values calculated in the physiological temperature range (1.2 K and 1 K at 300 K for Bi2SiO5:Nd@SiO2 and Bi4Si3O12:Nd@SiO2, respectively) are only slightly lower with respect to the 4F3/2-4F5/2 thermometers.
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Figure 7. Thermometric performances of the thermometers built by considering the ratio between the 4F3/2(Z1)→4I9/2 and 4F3/2(Z2)→4I9/2 transitions for both the Bi2SiO5:Nd3+@SiO2 and Bi4Si3O12:Nd3+@SiO2 nanosystems. (a,b) Representative temperature dependence PL spectra in the 260-350 K range (10 K step) exciting at 745 nm. (c,d) Arrhenius plot to calibrate the thermometers along with the linear fits. (e,f) Temperature dependence of the absolute , relative  sensitivities along with calculated thermal resolution .
To compare the performances of Boltzmann thermometers, a relative sensitivity versus absolute sensitivity plot was demonstrated to be quite effective [27,14]. This is particularly true in the field of lanthanide-activated Boltzmann thermometry since the absolute sensitivity can also be theoretically predicted by the Judd-Ofelt theory which can calculate the ratio between the spontaneous emission rates of the thermally coupled excited states [26,60]. The  versus  plot for Nd3+-activated Boltzmann thermometers based on the 4F3/2-4F5/2 and Z1-Z2 couples is shown in Figure 8 (the corresponding values are summarized in Table S1). The values of the Bi2SiO5:Nd3+@SiO2 and Bi4Si3O12:Nd3+@SiO2 thermometers are in the average of the values of the Nd3+-based Boltzmann thermometers and all the values are quite similar among them. This is not surprising if we consider that the values calculated from the Judd-Ofelt theory for Nd3+-doped materials [26] evidence a narrow range of absolute sensitivities. On the other hand, the f-f transitions are not strongly influenced by the crystal fields, so the energy gap between 4F3/2 and 4F5/2 is almost unaffected by the different environments, and a value of 950 ± 100 cm-1 can be considered as a fair average value. Considering these values, the ranges of the theoretical values estimated for the Nd3+-based Boltzmann thermometers based on the 4F3/2-4F5/2 couples are plotted as dashed square in the plot, confirming the good agreement between theory and experiments.
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Figure 8. Absolute sensitivity  versus relative sensitivity  at 300 K for the Nd3+-activated Boltzmann-based thermometers based on the 4F3/2-4F5/2 (triangles) and splitted 4F3/2 Stark Z1-Z2 (circles) couples. The dashed rectangle represents the theoretical values.

Despite the limits recently evidenced for in vivo applications of Nd3+-based nanothermometers [61], this class of materials is characterized by unique advantages such as high relative sensitivities and well separated emission lines, critical features for optical thermometers. In addition, the strategy introduced here allows to obtain well dispersed and homogeneous crystalline NPs of Bi2SiO5 or Bi4Si3O12 confined into a silica shell inferring additional functionalities to the nanosystems such as (i) chemical and thermal stability (in acid environment at least up to pH=1 [22]), (ii) good biocompatibility [14] and (iii) easy interfacing with silicon-based optoelectronic devices. As demonstrated by Geintenbeek et al. [62], a silica shell does not only stabilize the phosphors at high temperatures, but it plays a crucial role to allow the temperature sensing in catalytic reactions without participating to the reaction itself due to its inert nature [63]. Therefore, based on these properties and the remarkable thermal resolutions estimated at high temperatures (~1 K), the materials developed can be considered promising thermal probe candidates for applications in extreme conditions.

4. CONCLUSIONS
In this study, we investigated the stabilization of uniform glass ceramic bismuth silicate nanoparticles by confining the reaction between Bi2O3 and SiO2 into a silica shell. The precipitation of Bi4Si3O12 into the NPs through the melting of the Bi2SiO5 system is demonstrated by combining in-situ temperature dependence synchrotron radiation XRPD and HR-TEM analyses. The exciton peak measured at low temperature allowed to estimate an energy gap of 4.45 eV for Bi2SiO5. Combining theoretical and experimental investigations on the thermometric properties of Nd3+-doped bismuth silicate NPs (~1 K up to 700 K), and comparing with the literature, the glass ceramic nanosystems were demonstrated to be particularly promising as nanothermometers for extreme conditions such as to probe catalytic reactions.
The in-situ growth of a glass-ceramic nanosystem confined into a silica shell has the double advantage of keeping the shape and size of the starting NPs and isolating the materials from the external environment improving thermal and chemical stability of unstable materials. This concept could be further explored to stabilized new bismuth-based materials confined into well-defined nanosystems.
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