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1 Structural Characterization 

Upconversion nanoparticles (UCNPs) were characterized by x-ray diffraction after synthesis. In all 

cases, pure hexagonal (β-) phase was obtained consistent with the literature data for pure hexagonal 

NaYF4 (JCPDS no. 16-0334). Diffractograms with indexed peaks are shown in Supplementary 

Figure 1. For small-sized UCNPs peaks are broadened due to the small crystallite size and slightly 

shifted to lower angles due to larger lattice parameters expected for NaGdF4 matrix compared to the 

NaYF4. 

 

 

Supplementary Figure 1. XRD of small-sized (RE-NaGdF4) and large-sized (RE-NaYF4) UCNPs 

doped with different rare-earths (RE).  

 

The particle size distribution of small size UCNPs was determined by image processing of TEM 

images using ImageJ® 1.48v software. Resulting histograms are displayed in Supplementary Figure 

2.  
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Supplementary Figure 2. Particle size distributions obtained from TEM analysis of (A) small- and 

(B) large-sized UCNPs. 

 

The characterization of the shell layer in small-size UCNPs was studied for the 2S system as an 

example. In this study, the particles were characterized before and after the growth of the shell layer 

by TEM and DLS (Supplementary Figure 3). By calculating the particle size distribution in each 

case, we obtain an average thickness of (1.6 ± 0.8) nm.  As the procedure for the other small-sized 

UCNPs (1S and 3S) was exactly the same, we estimate similar values for the shell layer in all 

systems studied. 
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Supplementary Figure 3. Particle size analysis of (A) core and (B) core-shell UCNPs of the set 2S. 

TEM images of (C, F) core and (D, G) core-shell UCNPs. Particle size distribution calculated by (E) 

TEM analysis of several images and (F) DLS of UCNPs colloids in cyclohexane. 

 

2 Temperature Determination using 2S and 2L Nanoparticles 

Upon 976 nm excitation the overall intensity of the Er
3+

 emission is reduced for the 2L UCNPs and 

enhanced for 2S UCNPs at increasing temperatures as observed before (Martínez et al., 2018). In 

both cases, however, the integrated emission intensity arising from the 
2
H11/2

4
I15/2 transition (IH)  

and from the 
4
S3/2

4
I15/2 transition (IS) of Er

3+
 can be used as a ratiometric thermometer. For each 

emission spectrum, the thermometric parameter  = IH/IS was calculated according to the procedure 

illustrated in Supplementary Figure 4A. The local temperature can then be directly calculated from 

the emission spectra, following the procedures described elsewhere (Brites et al., 2011, 2016; Debasu 

et al., 2016). The absolute temperature T can be determined by: 
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where kB is the Boltzmann constant, E is the energy gap between the 
2
H11/2 and 

4
S3/2 levels, 0 is the 

thermometric parameter at a known temperature T0. The 0 value is the thermometric parameter at T0 

in the absence of an excitation laser heating and is estimated as the  value at the time instant in 

which the excitation laser is turned on.  

The validity of Equation S1 is clearly shown in Supplementary Figure 4B, in which the thermometric 

parameters and the corresponding temperatures are represented as an Arrhenius plot for 2S and 2L 

nanoparticles. By a linear fit, we obtain the slope corresponding to E/kB. We observe an excellent 

agreement between fitting and data points with correlation values of r
2
=0.99992 and 0.9996 for 2S 

and 2L, respectively. The resulting values are listed in Supplementary Table 1. 

 

 
 

Supplementary Figure 4. Thermometric characterization of Er
3+

-doped UCNPs. (A) Integrated 

bands for the calculation of the thermometric parameter , (B) linearized relation and fitting for the 

determination of E. 
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Supplementary Table 1. Parameters used for temperature determination using Equation S1 for 

samples 2S and 2L.  

Parameter 2S 2L 

0 0.29 ± 0.01 0.26 ± 0.01 

T0 (K) 296 ± 1  297 ± 1  

E (cm
−1

) 

r
2
 

760 ± 2 

0.99992 

744 ± 4 

0.9996 

 

3 Thermal properties of additional UCNPs 

The thermal dependence of the emission spectra for additional UCNPs studied in this work is 

presented in Supplementary Figure 5. Measurements were performed by drop-casting the UCNPs 

colloids in hexane or cyclohexane on silicon wafers. After evaporation of the solvent at 130 °C, 

samples were placed on a Peltier plate controlled by an Arduino board. The emission spectra were 

acquired at varying temperatures of the plate under 976 nm laser excitation. Power densities ranged 

from 10 to 50 Wcm
-2

 were used, while the acquisition time varied from 5 to 15 s, depending on the 

amount of UCNPs deposited and their luminescence efficiency. 

As observed in Supplementary Figure 5, the emission intensity is thermally quenched for large-sized 

UCNPs doped either Yb
3+

-Tm
3+

 (1L) or  Yb
3+

-Ce
3+

-Ho
3+

 ions (3L). On the contrary, thermal 

enhanced emission is observed for small-sized UCNPs with the same composition (1S and 3S). The 

thermal effects on the emission intensity were summarized by defining the relative integrated 

intensity (RII) as the integrated spectra at a given temperature divided by the integrated spectra 

obtained at room (initial) temperature. For UCNPs doped with Yb
3+

-Er
3+

 (2L and 2S) the emission 

spectra was shown in Figures 1D,H of the main text, respectively. In Supplementary Figures 5E,F, 

we present the RII calculated for those samples.  
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Supplementary Figure 5. Temperature dependent emission spectra of (A) 1L, (B) 3L, (C) 1S and 

(D) 3S upon 976 nm excitation. Relative integrated intensity (RII) are shown as insets. Data of RII 

corresponding to UCNPs of the set 2L and 2S are shown in panels (E) and (F), respectively. 
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