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Fig. 1 (a) Schematic illustration of the OSCE (organic solvent allowed 

cation exchange) procedure. (b) Nanostructure of core-only 

NaGdF4:Yb3+/Tm3+ UCNCs for OSCE, and UC emission spectra of the 

UCNCs before and after exchange in Toluene/Ethanol, 

Toluene/Methanol, Toluene/DMF, Toluene/DMSO respectively. (c-e) 

Emission intensity as a function of toluene/ethanol ratio, exchange 

time, and Tb3+ concentration respectively. All the emission spectra were 

recorded under the irradiation of a 980 nm laser with power density of 

500 mW cm-2. 
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We develop a facile and rapid cation exchange method for 

upconversion nanocrystals (UCNCs) without removing surface 

ligands. It avoids the tedious pretreatment of as-synthesized 

UCNCs, and the luminescent intensities of nanocrystals after Tb
3+

 

exchange using new method is much stronger than the 

nanocrystals using conventional cation exchange in water. 

 

Since the new era of nanotechnology in 19601, controlled synthesis 

has created diverse artificial nanomaterials, including quantum 

dots2-5, metal nanoparticles6, 7, defects/elements doped 

nanoparticles8-10, and 2D nanomaterials11, 12. Most of them show 

colourful fluorescence for light-based functionality beyond the 

size/morphology advantages, enabling their enormous application 

potentials in life science, display, energy harvest, and quantum 

engineering13-19. To enrich the fluorescence colour, nano 

semiconductors rely on the tuning of bandgap20, while the doped 

nano-insulators require elaborate control of the dopants21. 

Repeated synthesis is able to regulate these compositional 

arrangements but showing resource- and time-consuming 

shortages. Alternatively, cation exchange allows high-throughput 

production of multicolour emitting nanoparticles while preserving 

the original size, morphology, and crystal phase of the nanoparticles. 

As a facile method, simplified procedure that suitable for the as-

synthesized nanoparticles is the key attractiveness to make the 

cation exchange be extensively adopted.     

Here we report a novel cation exchange method for as-

synthesized rare-earth doped upconversion nanocrystals (UCNCs), 

which is emerging as a promising light carrier in different fields22-28. 

Our method can directly exchange the cation ions when the surface 

of the as-synthesized nanocrystals is capped with ligands. As is well 

known that wet-chemical route growth of UCNCs produces 

hydrophobic nanocrystals with monodispersity and stable 

fluorescence in non-polar solvents because of the surface ligands, 

e.g., oleic acid. Under the premise of retaining surface ligands, we 

are able to complete cation exchange within seconds by simply 

dripping the cation contained solution into the nanocrystals colloid. 

Compared to conventional cation exchange of UCNCs in water 

(WACE)29, 30, our organic solvent allows cation exchange (OSCE) 

avoiding the tedious pretreatment of as-synthesized UCNCs by 

removing surface ligands using hydrochloric acid that may damage 

the peripheral lattices31, 32. Furthermore, the coverage of surface 

ligands helps the nanocrystals to defend against aggregation and 

degradation that have been observed in water circumstance32-36.  

As illustrated in Figure 1a, we choose solvent X to dissolve 

rare-earth salts, forming rare-earth cations in solution, while use 
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Fig. 2 (a-b) TEM images and size distributions of NaGdF4:Yb3+,Tm3+ 

nanocrystals before and after OSCE (by 0.5 µM Tb3+). (c-f) HRTEM and 

EELS images of NaGdF4:Yb3+,Tm3+ after OSCE, note that elemental maps of 

Gd and Tb ions (d-f) reveal that Tb penetrated into the out layer of 

NaGdF4:Yb3+,Tm3+ UCNCs. (g-h) XRD patterns and calculated cell 

parameters and volumes of NaGdF4:Yb3+,Tm3+ before and after OSCE.   

toluene to disperse oleic acid capped NaGdF4 UCNCs. Typically, 

solvent X dissolves TbCl3, and toluene disperses the as-synthesized 

UCNCs, followed by cation exchange reaction through mixing these 

two kinds of solutions in appropriate volume ratio at room 

temperature. Tb3+ ions partially replace the rare-earth sites in the 

crystal structure of NaGdF4:Tm3+,Yb3+, forming new NaGdF4: 

Tm3+,Yb3+,Tb3+ composition. This tridoped system produces Tb3+ 

upconverted emission by capturing the energy populated at the 

excited states of Tm3+ (1I6) through Yb3+ sensitization and Gd3+ 

bridge-like energy migration upon 980 nm laser excitation (Figure 

S1)37. The characteristic emission peaks from Tb3+ at 488, 540, 582 

and 618 nm (green segments highlighted in Figure 1b) indicate the 

successful entering of Tb3+ in the NaGdF4 crystal sites.  

We first prove that the OSCE method is applicable to different 

solvent X, for example, Methanol, Ethanol, Dimethyl Formamide 

(DMF), Dimethylsulfoxide (DMSO) (listed by order of increasing 

polarity indexes of 5.1, 5.2, 6.4, and 7.2, respectively). Tb3+ 

emissions appear in all the mixed solutions of Toluene/Ethanol, 

Toluene/Methanol, Toluene/DMF, and Toluene/DMSO, indicating 

that once UCNCs and free ions meet in organic solvent, cation 

exchange takes place. However, increased   polarity of solvent X   

leads to decreased UC emission intensities due to the weaker 

intersolubility with non-polar solvent Toluene. Taking 

Toluene/Ethanol supported OSCE as an example for systematic 

study, the best volume ratio of toluene and ethanol is 2:1 (Figure 

1c), and the exchange happens within 5 seconds while the balance 

time for exchange 0.5 µM Tb3+ is 4 mins (Figure 1d). The emission 

intensity of Tb3+ (monitored at 540 nm) is enhanced by slightly 

increasing the concentration of the exchange ions, and the optimal 

concentration of Tb3+ in mixed solvents is found to be 0.5 µM 

(Figure 1e). At the same time, the UC intensity of Tm3+ (monitored 

at 448 nm) deceases monotonically due to the population 

redistribution among excited states when extra Tb3+ ions appear in 

the nanocrystal, opening a new energy pathway from Tm3+:1I6 to 

Tb3+: 5D4 through Gd3+: 6P7/2 state21, 38. At 0.5 µM Tb3+ concentration 

exchange condition, the integrated UC emission intensities area of 

NaGdF4: Tm3+/Yb3+/Tb3+ is about 87.6% of NaGdF4: Tm3+/Yb3+ UCNCs 

template (Figure S2). This OSCE method is also applicable to other 

rare-earth precursor salts, e.g., rare-earth acetate (Figure S3), as 

well as the other exchange ions, e.g., Eu3+ (Figure S4).  
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Fig. 4 Confocal scanning images and the averaged brightness of core-shell NaGdF4:Yb3+,Tm3+@NaGdF4 single nanocrystals. (a and c) Confocal images of 

UCNCs by WACE, initial UCNCs template, UCNCs by OSCE respectively (under 1 µM Tb3+ exchange). (d) Brightness statistics of the single UCNCs 

corresponding to a−c. All the optical images were recorded with an 842 nm short pass filter under the irradiation of a 980 nm single mode laser (30 MW 

cm-2). 

To confirm the entrance of exchange ions in the lattice, we 

perform structural analysis of the nanocrystals. Transmission 

electron microscopy (TEM) images reveal the particle size and 

morphology of UCNCs before and after OSCE under 0.5 µM Tb3+ 

ions. Before cation exchange, the size of initial NaGdF4:Yb3+,Tm3+ 

UCNCs template is about 23 nm (Figure 2a). After cation exchange 

in Toluene/Ethanol under ambient conditions for 10 min, the 

exchanged particles show no obvious changes in terms of particle 

size (23.1 nm) and morphology (Figure 2b). We further employ 

high-resolution transmission electron microscopy (HRTEM) imaging 

and electron energy loss spectroscopy (EELS) to confirm the 

existence of Tb3+ ions (Figure 2 c-f). Combined with the line profile 

on a single particle (Figure 2c), we can find that Tb3+ ions only   

appear on the surface while Gd3+ ions exist in the centre of particles, 

indicating the enrichment of Tb3+ at the surface of UCNCs. We also 

use the X-ray diffraction (XRD) and Rietveld refinement to 

characterize the structure evolution in terms of cell parameters and 

cell volumes (Figure 2 g-h). Both of the X-ray patterns are in line 

with the hexagonal cell (Pm-63) with parameters close to starting 

model of ICSD #5192039, indicating OSCE did not induce variation in 

particle phase. In the structure of NaGdF4:Yb3+,Tm3+ UCNCs, 

Yb3+
,Tm3+,Gd3+ ions occupy the same position and have the ionic 

radius of 1.042, 1.052, 1.107 Å (9 coordination) respectively40. 

Refinements show the initial UCNCs template has unit cell volume 

of 111.532 Å3 (Figure 2 g). After OSCE by 0.5 µM Tb3+ ions (r= 1.095 

Å, 9 coordination), the cell volume of NaGdF4:Yb3+,Tm3+,Tb3+ UCNCs 

decreases to 111.236 Å3, which implies that the small Tb3+ mainly 

replace larger Gd3+ ions in the lattice.  

To visualize the advantage of OSCE method in retaining the 

emission intensity of UCNCs, we compare the colloid luminescent 

intensity/colour and spectroscopic properties of the exchanged 

UCNCs to the samples using WACE method (Figure 3). By adopting 

NaGdF4:Yb3+,Tm3+@NaGdF4 core-shell structure UCNCs (~16 nm 

core, ~23 nm core-shell, Figure S5) as template (Figure 3a), it is 

clearly shown in the photos that the emission intensity of UCNCs 

after Tb3 +exchange by OSCE is much stronger than that done by 

WACE in parallel. (Figure 3b). Moreover, the hybrid emitting light 

from Tb3+ and Tm3+ by OSCE method tends to be whiter. The 

comparison of spectroscopic properties (Figure 3c and 3d) shows 

much stronger emission peaks obtained from the OSCE method, 

regardless of the Tb3+ concentrations for the cation exchange. 

Though emission intensities of typical Tm3+ (448nm) and Tb3+ (540 

nm) peaks decrease with the increasing Tb3+ concentration from 1 

to 50 µM (Figure 3d). By calculating the integrated intensity of 

typical samples (UCNCs by WACE, initial UCNCs template, UCNCs by 

OSCE, under 1 µM Tb3+), we find that the intensity of UCNCs shows 

1.68-fold enhancement after OSCE, whereas the intensity decreases 

to 27% of the initial template after WACE (Figure S6). The 

brightness of colloidal UCNCs after Tb3+- OSCE is about 6.2-fold 

stronger than that of the UCNCs after Tb3+- WACE. Furthermore, 

The intensity ratio of Tb3+/Tm3+ by OSCE is larger than 1, while the 

ratio of Tb3+/Tm3+ by WACE is less than 1 (Figure 3e), implying the 

UC emissions of Tb3+ ions in the UCNCs by OSCE is more efficient. 

The higher efficient Tb3+ emission via OSCE is probably due to the 

cation exchange depth and concentration of the Tb3+ ions per 

particle, as well as the decrease of possible crystalline defects 

and/or anionic ions adsorption under maintained surface property. 

These could affect the energy transfer efficiency from Tm3+ to Tb3+ 

via Gd3+, and the radiative emission efficiency of Tb3+. Similar 

phenomenon happens when Eu3+ ions work as the exchange ions 

(Figure S7), or the other solvents supported exchange process (e.g., 

Toluene/DMF in Figure S8). 

We use a home-made confocal microscope to quantify the 

emission intensities of the core-shell nanocrystals after Tb3+ 

exchange through OSCE and WACE at single particle level. To 

achieve high signal-to-noise ratio under confocal microscope for 

accurate single nanocrystal analysis, we made large size core-shell 

NaGdF4:Yb3+,Tm3+@NaGdF4 (~37 nm core, ~44 nm core-shell, Figure 

S9). The average brightness of single core-shell UCNCs after Tb3+-

WACE is about 511 photon counts (50ms) after background 

subtraction, which is half as much as the brightness of initial core-

shell UCNCs template (999 photon counts, 50ms) (Figure 4a,b,d). 

For the core-shell UCNCs after Tb3+-OSCE, the average brightness of 

single particles (1293 photon counts, 50ms) is about 1.3-fold 

stronger than the brightness of initial core-shell UCNCs template 

(Figure 4b,c,d). The brightness of single UCNCs after Tb3+- OSCE is 

about 2.5-fold stronger than that of the UCNCs after Tb3+- WACE.  

Conclusions 
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In summary, we have developed a rapid and facile cation 

exchange method for UCNCs without removing surface ligands in 

organic solvent. We have quantitively compared the UC emission 

properties of UCNCs that is prepared by OSCE method and 

conventional WACE method in parallel. The WACE shows 

significantly quenching effect on the fluorescence intensity of 

UCNCs, whereas the OSCE provides UCNCs much higher intensity in 

both colloidal and single particle state. Potentially, the maintained 

surface property becomes the key to stabilize the UCNPs in organic 

solvents for further growth of other materials. This facile and rapid 

OSCE synthesis strategy opens a new way to the synthetic 

methodology for UCNCs with intense luminescence.  
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