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Figure S1. Hybrid coprecipitation and MSS synthesis process of the LHOS NPs.  

 

Characterization Results of the LHOS NPs 

Phase analysis 

XRD patterns of the LHOS NPs with different Sm3+ concentrations (Figure S2a) can be indexed 

to single phase pyrochlore La2Hf2O7 (JCPDS# 37-1040) with the peaks at 28°, 33°, 48°, and 56° 

corresponding to the (222), (400), (440), and (622) planes. The sharp diffraction peaks demonstrate 

that the LHOS NPs are highly crystalline. The diffraction peaks of the LHOS NPs exhibit right-

hand shifting to higher 2-theta angle as the Sm3+ doping concentration increases because the ionic 

radius of 8-ccordinated Sm3+ (r = 1.079 Å) is smaller than that of 8-coordinated La3+ (r = 1.160 

Å). This phenomenon can be visualized from the magnified (622) reflection peaks shown in Figure 

S2b. Correspondingly, the lattice constant value reduces slightly with increasing Sm3+ doping 

concentration (Table S1), which can be attributed to smaller Sm3+ ions residing at the La3+ sites. 

The crystallite size of the LHOS NPs is calculated using the Debye-Scherrer equation (1):  
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d = K/Bcos                                                                                                                               () 

where d is the crystallite size for a given (hkl) reflection, K is the Scherrer constant known as shape 

factor and is usually taken as 0.89 for spherical particles,  is the wavelength of Cu K X-ray 

radiation (1.5406 Å), B is the full width half maxima (FWHM) value in radians for the peak under 

consideration, and  is the peak position for the corresponding (hkl) reflection. The calculated 

average crystallite size of the LHOS NPs (Table S1) decreases with increasing Sm3+ concentration.  

 

Figure S2. (a) XRD patterns and (b) the shifting of the (622) peak with Sm3+ doping concentration 

of the LHOS NPs. 

 

Table S1. Lattice parameter and calculated crystallite size of the LHOS NPs 

[Sm3+] 

(mol%) 
2θ (o) FWHM (β) 

Lattice 

parameter (Å) 

Crystallite size from 

XRD (nm) 

Particle size from 

SEM (nm) 

0.5 28.71 0.281 10.762 28.27 ± 0.5 70.04 ± 1.7 

1.0 28.72 0.304 10.759 26.13 ± 0.5 39.22 ± 0.9 

2.5 28.73 0.326 10.755 24.37 ± 0.5 35.74 ± 1.1 

5.0 28.74 0.353 10.751 22.51 ± 0.5 32.33 ± 1.1 

7.5 28.81 0.361 10.726 22.01 ± 0.5 30.40 ± 0.7 

10 28.84 0.364 10.715 21.83 ± 0.5 21.94 ± 0.6 
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Morphological analysis: Scanning electron microscopy 

SEM images of the LHOS NPs (Figure S3a-f) show that their mean diameters are in the range of 

25-70 nm. The particle size distribution of the LHOS NPs was calculated from these SEM images 

by ImageJ software and shown in the insets of Figure S4. The LHOS NPs are spherical particles 

with narrow size distribution and slight agglomeration. Average particle size is estimated from the 

SEM images whereas crystallite size is calculated from the XRD data. Crystallite size could be 

different from particle size in case of agglomerated and/or polycrystalline samples. That is why 

we saw differences from our SEM and XRD data. It is reported that nanospheres exhibit the best 

emission performance due to their lower scattering loss, therefore increases the screen brightness 

of display, as consistent with our PL data below.14 

 

Figure S3. SEM images of the LHOS NPs with different Sm3+ doping concentrations: (a) 0.5%, 

(b) 1.0%, (c) 2.5%, (d) 5.0%, (e) 7.5%, and (f) 10.0%. 
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Figure S4. (a) Crystal structure of La2Hf2O7 and (b) Sm ion occupying LaO8 scalenohedra and 

HfO6 octahedra. 

 

 

Figure S5. (a) Emission spectrum of the LHO host and excitation spectrum of the LHOS NPs. (b) 

Corresponding spectra to show the energy transfer from the LHO host to Sm3+ ion in the LHOS 

NPs after vacuum sintering. 



S6 
 

 

Figure S6. (a) Short- and (b) long-lived lifetimes as a function of Sm3+ concentration. 

 

Table S2. Concentration quenching values for various Sm3+ doped phosphors 

Sm3+ doping phosphors Concentration quenching values (mol%) 

CaAl4O7 2.015 

LaAlGe2O7 3.016 

Y2O2S 3.017 

BaMoO4 8.018 

Gd2Zr2O7 3.519 

Zn2P2O7 1.020 

Nd2Zr2O7 3.021 

 

 

Table S3. Luminescence lifetimes of the LHOS NPs 

Sm3+ doping level (mol %) τ1 (µs) τ2 (µs) 

0.5 847±23 4203±10 

1.0 850±20 3696±9 

2.5 266±19 1848±7 

5.0 87±20 1003±5 

7.5 38±15 502±4 

10.0 29±15 457±4 

 

 

(a) (b) 
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Table S4. CIE and CCT values of the LHOS NPs under 405 nm excitation 

Sm3+ doping level (mol %) x y CCT (K) 

0.5 0.666135 0.33608 3266 

1 0.666324 0.33342 3378 

2.5 0.667296 0.33245 3437 

5 0.665533 0.33421 3331 

7.5 0.661982 0.33774 3129 

10 0.660624 0.33909 3057 

 

 

Figure S7. Plot of ln(I0/I-1) vs. 1/kT of the LHOS (2.5 %) NPs. 

 

To study the high temperature structure stability of the LHOS NPs, we performed in-situ XRD and 

Raman spectroscopy measurements (Figure S8a and S8b, respectively). It can be seen that the 

LHOS NPs do not undergo any structural change from room temperature to 900oC and remain in 

ideal pyrochlore structure. Thermal and structural stability has a profound influence in designing 



S8 
 

high temperature phosphors for applications in phosphor converted light emitting diodes, plasma 

display panels and thermographic sensors.11-13 

 

Figure S8. (a) In situ XRD and (b) in situ Raman spectra of the LHOS NPs (2.5mol% Sm3+). 

 

Equations used in the main text: 

𝑅𝑐 = 2(
3𝑉

4𝜋𝑋𝑐𝑁
)

1

3                                                                               (S1) 

where Rc is the distance between donor (dopant) and acceptor (quenching site) which is 

approximately equal to twice of the radius of a sphere with the volume V, N is the number of Z 

ions per unit cell, V is the unit cell volume, and Xc is the critical concentration (0.025 in our case 

here). 

 

I/x=K[1+β(x)θ/3]-1                                                                                                                       (S2) 

where x is the dopant concentration which is not less than the critical concentration Xc, I/x is the 

emission intensity I per activator concentration x, K and β are constants for a given phosphor under 

the same excitation condition, and the θ value indicates the type of electric multipolar character 

responsible for concentration quenching. 

 

log(I/x) = K′ – (θ/3)logx                                                                                                               (S3) 

where K′ = logK – logβ.   

 

I = I0 + B1exp(-t/τ1) + B2exp(-t/τ2)     (S4) 
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where I0 is the initial emission intensity at time t = 0, and τ1 and τ2 are the short and long lifetime 

values. 

 

CCT(x, y) = −449n3 + 3525n2 − 6823.3n + 5520.33                                                                    (S5) 

where n = (x − xe)/(y − ye) is the inverse slope line, (xe = 0.3320, ye = 0.1858) is the “epicenter” 

which is close to the intersection point mentioned by Kelly. 

 

𝐼(𝑇) = 𝐴 ∗ 𝑒
−∆𝐸

𝑘𝐵∗𝑇                                                                                                                          (S6) 

where I(T) corresponds to the integrated PL intensity at temperature T, KB is Boltzmann constant 

whose value is 0.69503 cm-1·K-1, and A is a pre-exponential factor whose value is 0.29. 

ln(
𝐼𝑜

𝐼
− 1) = 𝑙𝑛𝐴 −  

∆𝐸

𝑘𝑇
+ 𝐶                                                                                                           (S7) 

whereas Io expresses the initial PL intensity, I the PL emission intensity at a given temperature T, 

ΔE denotes the activation energy involved, and k is the Boltzmann constant. 

𝑆a = 𝐶 ∗ e
(

−∆𝐸

𝐾BT
)

∗ e
(

∆𝐸

𝐾BT2)
                                                                                                        (S8) 

where ΔE is the energy gap between Sm3+ successive energy levels, KB is Boltzmann constant, 

and T is absolute temperature. 

 

𝑆𝑟 =
1

𝐼

𝑑𝐼

𝑑𝑇

 𝐶∗𝑒
(

−∆𝐸
𝐾𝐵𝑇

)

𝐵+ 𝐶∗𝑒
(

−∆𝐸
𝐾𝐵𝑇

)
∗  𝑒

(
∆𝐸

𝐾𝐵𝑇2)
∗ 100%                                                                                 (S9) 
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