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Table S1. Effective photoluminescence (PL) lifetimes (τeff) and PL quantum yields (QYs) of 

NaGdS2:0.5%Yb3+ nanocrystals (NCs) with different sizes by monitoring the Yb3+ emission at 991 nm. τeff 

was calculated by 
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where I(t) denotes the PL intensity as a function of time t, and Imax is the maximum PL intensity. 

Size (nm) τeff (μs) PLQY 

14.7 327 9.9% 

20.1 348 14.0% 

27.8 421 16.4% 

36.7 562 21.2% 
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Table S2. Effective PL lifetimes (τeff) of 36.7-nm NaGdS2:x%Yb3+ NCs with different Yb3+ concentrations 

(C (Yb3+)) by monitoring the Yb3+ emission at 991 nm. 

C (Yb3+) / mol% τeff (μs) 

0.02 263 

0.10 357 

0.30 456 

0.50 494 

1.00 388 

3.00 264 
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Table S3. Temperature-dependent effective PL lifetimes (τeff) of NaGdS2:0.5%Yb3+ NCs (size: 36.7 nm) 

in the temperature range of 10-300 K by monitoring the Yb3+ emission at 991 nm. 

T / K τeff (μs) T / K τeff (μs) 

10 483 160 509 

30 509 190 512 

50 508 220 509 

70 497 250 486 

100 471 280 469 

130 494 300 427 
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Table S4. Effective PL lifetimes of Yb3+ ( ) and Er3+ ( ) in NaGdS2: 0.5%Yb3+/x%Er3+ NCs with 

different Er3+ concentrations (C (Er3+)) by monitoring the Yb3+ and Er3+emissions at 991 nm and 1545 nm, 

respectively. The efficiency of energy transfer (ηET) from Yb3+ to Er3+ was calculated by 

ηET = 1－  , 

where  and  represent the effective PL lifetime of Yb3+ in NaGdS2: 0.5%Yb3+/x%Er3+ NCs with 

0 and x mol% of Er3+, respectively. 

C (Er3+) / mol%  (μs)  (ms) ηET (%) 

0 494 0 0 

0.02 401 11.3 18.8 

0.10 392 10.2 20.6 

0.30 377 7.8 23.7 

0.50 349 6.6 29.4 

1.00 277 4.7 43.9 

2.00 184 2.6 62.8 
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Figure S1. TEM images and size distributions of NaGdS2:0.5%Yb3+ NCs synthesized at 265 °C for (a,e) 5 

min, (b,f) 10 min, (c,g) 30 min, and (d,h) 60 min. The size distributions of the NCs were obtained by 

randomly calculating 200 particles in the TEM images. 
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Figure S2. XRD patterns of NaGdS2:0.5%Yb3+ NCs synthesized at 265 °C for 5, 10, 30, and 60 min, 

respectively. The positions of all diffraction peaks match well with the standard pattern of rhombohedral 

NaGdS2 (JCPDS no. 076-2444). No additional diffraction peaks of impurities such as γ-Gd2S3 and Gd2O2S 

are observed in XRD patterns, indicating pure phase and high crystallinity of the resulting NCs. Note that 

the diffraction peak intensities of the NCs deviate from those of the standard JCPDS pattern, due to the 

preferred orientation growth of the NCs along the (012) plane, as also observed in KLuS2 and RbGdS2 

crystals previously reported.1, 2 

  



 S8

 

Figure S3. Representative high-resolution TEM (HRTEM) images of NaGdS2:0.5%Yb3+ NCs, showing 

clear lattice fringes with calculated d spacings of (a) 0.67, (b) 0.33 and (c) 0.29 nm, which match well with 

the lattice spacings of the (003), (012) and (104) planes of rhombohedral NaGdS2, respectively. 
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Figure S4. Energy dispersive X-ray (EDX) spectrum of NaGdS2:0.5%Yb3+ NCs synthesized at 265 °C for 

60 min, showing the elements of Na, Gd and S in the NCs. Yb3+ ion was not detected because of its low 

doping level (0.5 mol%). The insets show the chemical compositions of the NCs determined by EDX 

spectrum and inductively coupled plasma-atomic emission spectroscopy (ICP-AES), revealing the 

successful doping of Yb3+ in the NCs. 
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Figure S5. Optical absorption spectra of NaGdS2:x%Yb3+NCs with different Yb3+ concentrations 

synthesized at 265 °C for 60 min. All NCs exhibit a strong absorption band at around 279 nm (4.44 eV), 

which agrees well with the host absorption of NaGdS2 previously reported.3 Besides the host absorption, 

an additional absorption band at around 351 nm was observed in Yb3+-doped NCs, with an intensity 

increased with increasing Yb3+ concentration. This absorption band can be assigned to the S2--to-Yb3+ 

ligand-to-metal charge transfer transition, as previously reported by G. Blasse et al. in NaYS2:Yb3+/Er3+ 

bulk crystals.4  

  



 S11

 

Figure S6. Temperature-dependent PL emission spectra (λex = 370 nm) and PL decay curves (λem = 512 

nm) of NaGdS2:0.5%Yb3+ NCs. The NCs exhibited two broad emission bands covering from 400 nm to 

750 nm, which were also observed in the undoped NaGdS2 (Fig. S6) and can be ascribed to the defect 

emissions related to S2- deficiency in the NCs.5, 6 The PL intensities and PL lifetimes (6.8-2.4 ns) of the 

defects decreased significantly with the temperature rise due to thermal quenching. 

  



 S12

 

Figure S7. (a) PL excitation spectra of NaGdS2:0.5%Yb3+ NCs by monitoring the defect emission at 512 

nm (black curve) and the Yb3+ emission at 991 nm (red curve). (b) 10 K PL emission spectra of (black 

curve) the undoped and (red curve) 0.5 mol% Yb3+ doped NaGdS2 NCs upon excitation at 370 nm. The 

different PL excitation spectra for the defect and Yb3+ emissions, the similar emission bands in the undoped 

and Yb3+-doped NCs, and the nanosecond PL lifetimes (2.4-6.8 ns) confirmed that the visible emissions 

under 370-nm excitation was ascribed to the defect emission related to the S2- deficiency in the NC host 

rather than the charge transfer luminescence of Yb3+.7 This indicates an extremely low quenching 

temperature (<10 K) for the charge transfer luminescence of Yb3+ in NaGdS2:0.5%Yb3+ NCs. 
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