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MATERIALS AND METHODS
Reagents. TmCl3·6H2O (99.9%), ErCl3·6H2O (99.9%), oleylamine (OM, 70%),
1-octadecene (ODE, 90%), oleic acid (OA, 90%) and CF3COONa were purchased
from

Sigma-Aldrich.

Ln2O3

(Ln:

Y,

Lu,

Gd)

and

trifluoroacetic

acid

(CF3COOH, >99.5%) were purchased from Aladdin. NaOH, methanol, ethanol, NH4F,
cyclohexane and acetone were purchased from GFS Chemical. All the chemicals were
used directly.
Synthesis of NaLnF4 (Ln: Y, Lu, Gd) Precursor. NaLnF4 NCs were prepared by an
existing procedure.[1,2] Firstly, Ln2O3 (2 mmol), trifluoroacetic acid (TFA, 20 mL) and
deionized water (20 mL) were poured into a 50 mL flask, the solution was refluxed
under stirring at 100℃ until clear. The excess trifluoroacetic acid and H2O were
evaporated at 65℃. The resulting dry solid material is (CF3COO)3Ln (Ln: Y, Lu, Gd).
Then, CF3COONa (4 mmol), (CF3COO)3Ln (4 mmol), oleic acid (12 mL), oleylamine
(12 mL) and 1-octadecene (20 mL) were added into a 100 mL three-neck flask and
heated to 115℃ in a vacuum for 30 minutes to remove oxygen and water. Afterwards,
the solution was heated to 285℃ for 40 minutes and cooled down to 25℃. The final
product was washed with ethanol and dispersed in ODE (8 mL) for later use.
Synthesis of NaErF4 Core UCNPs. The synthesis of the bare cores took the
previously reported method with some modifications.[3] Firstly, ErCl3·6H2O (2 mmol),
oleic acid (12 mL) and 1-octadecene (30 mL) were added into a 100 mL three-neck
flask. The solution was heated to 150℃ in a vacuum and stirred for 30 minutes. After
the solution was completely cleared, it was cooled to room temperature. Then,

methanol solution (8 mL) mixed up with NaOH (5.0 mmol) and NH4F (8.0 mmol)
were added to the three-neck flask. The solution was heated to 90℃ and kept for 1
hours to remove the superfluous methanol. After that, the solution was heated to 300℃
steadily in a vacuum and held for 100 minutes. Finally, the final products were
washed with acetone and ethanol successively, and dispersed in cyclohexane (16 mL).
Synthesis of NaErF4: 0.5% Tm Core UCNPs. The method of synthesis was the
same as NaErF4 core above, except the ErCl3·6H2O (2 mmol) was replaced by
ErCl3·6H2O (1.99 mmol) and TmCl3·6H2O (0.01 mmol).
Synthesis of NaErF4@NaLnF4 (Ln: Y, Lu, Gd) UCNPs. We used the Ostwald
ripening method to synthesize core-shell NCs.[1] Firstly, NaErF4 cyclohexane solution
(2 mL) was added into a 50 mL three-necked flask with oleic acid (3 mL) and
1-octadecene (7.5 mL). The solution is heated to 100℃ and kept for 30 minutes to
remove the cyclohexane solvent. Then, the solution was heated to 300℃, and NaLnF4
(1 mmol) precursor was injected into the flask in four equal fractions at 30 minutes
intervals. Finally, the cooling solution was washed by acetone and ethanol,
respectively, and dispersed in cyclohexane (4 mL).
Synthesis of NaErF4: 0.5% Tm@NaLnF4 (Ln: Y, Lu, Gd) UCNPs. The method of
synthesis was the same as NaErF4@NaLnF4 above, except the 2mL NaErF4
(0.25mmol) cyclohexane solution was replaced by 2mL NaErF4: 0.5% Tm (0.25mmol)
cyclohexane solution.
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Equation S1. The diffraction peak data of (101) and (201) of NPs are introduced into
Equation 1 and Equation 2 to calculate the effective lattice constants.

Figure S1. UC luminescence monitoring of NPs under the atmospheric pressure. The
picture shows the UC emission spectra of (a) NaErF4@NaLnF4 (Ln = Y, Lu, Gd) NPs
by 808 nm excitation (6 W/cm2), (b) NaErF4: 0.5% Tm@NaLnF4 (Ln = Y, Lu, Gd)
NPs by 808 nm excitation (6 W/cm2), (c) NaErF4@NaLnF4 (Ln = Y, Lu, Gd) NPs by
1530 nm excitation (6 W/cm2) and (d) NaErF4: 0.5% Tm@NaLnF4 (Ln = Y, Lu, Gd)
NPs by 1530 nm excitation (6 W/cm2).

Figure S2. HP UC emission spectra of core-shell NPs. The UC emission spectra of
NaErF4@NaLnF4 (Ln = Y, Lu, Gd) core-shell NPs (the top three pictures) and
NaErF4: 0.5% Tm@NaLnF4 (Ln = Y, Lu, Gd) core-shell NPs (the bottom three
pictures) under the pressure from 0 GPa to 9 GPa by 808 nm excitation.

Figure S3. HP UC emission spectra of core-shell NPs. The UC emission spectra of
NaErF4@NaLnF4 (Ln = Y, Lu, Gd) core-shell NPs (the top three pictures) and
NaErF4: 0.5% Tm@NaLnF4 (Ln = Y, Lu, Gd) core-shell NPs (the bottom three
pictures) under the pressure from 0 GPa to 9 GPa by 1530 nm excitation.

Figure S4. HP normalized UC emission spectra of core-shell NPs. The highest peaks
of 541 nm (green) and 652 nm (red) in the spectra were normalized, respectively. The
UC emission spectra of NaErF4@NaLnF4 (Ln = Y, Lu, Gd) core-shell NPs (the top
three pictures) and NaErF4: 0.5% Tm@NaLnF4 (Ln = Y, Lu, Gd) core-shell NPs (the
bottom three pictures) under the pressure from 0 GPa to 9 GPa by 808 nm excitation.

Figure S5. HP normalized UC emission spectra of core-shell NPs. The highest peaks
of 541 nm (green) and 652 nm (red) in the spectra were normalized, respectively. The
UC emission spectra of NaErF4@NaLnF4 (Ln = Y, Lu, Gd) core-shell NPs (the top
three pictures) and NaErF4: 0.5% Tm@NaLnF4 (Ln = Y, Lu, Gd) core-shell NPs (the
bottom three pictures) under the pressure from 0 GPa to 9 GPa by 980 nm excitation.

Figure S6. HP normalized UC emission spectra of core-shell NPs. The highest peaks
of 541 nm (green) and 652 nm (red) in the spectra were normalized, respectively. The
UC emission spectra of NaErF4@NaLnF4 (Ln = Y, Lu, Gd) core-shell NPs (the top
three pictures) and NaErF4: 0.5% Tm@NaLnF4 (Ln = Y, Lu, Gd) core-shell NPs (the
bottom three pictures) under the pressure from 0 GPa to 9 GPa by 1530 nm excitation.

Figure S7. Energy transfer pathways for Tm3+ ion and Er3+ ion. The picture the
energy transfer process between Tm3+ ion and Er3+ ion by (a) 980 nm excitation , (b)
808 nm excitation and (c) 1530 nm excitation. The dashed purple, wavy black, dashed
gray, solid blue, and solid red (green) arrows represent photon excitation,
non-radiative relaxation, energy transfer, cross relaxation and emission, respectively.

Figure S8. Schematic of interfacial strains of core-shell NPs. Lu3+ ion (grey) has a
large radius, Er3+ ion (blue) has a small radius. The tensile strain will occur in the
shell, the compressive strain will occur in the core.

Figure S9. Morphological characterization and UC luminescence testing of NaErF4:
0.5% Tm@NaLuF4 NPs with different shell thicknesses. (a) The pictures are the TEM
images of the NaErF4: 0.5% Tm and NaErF4: 0.5% Tm@NaLuF4 NPs of different
shell thicknesses, the scale bar is 100 nm. (b) The picture reflects the change of I(r)/I(g)
of NaErF4: 0.5% Tm@NaLuF4 NPs of different shell thicknesses with pressure. (c)
The UC emission spectra of NaErF4: 0.5% Tm@NaLuF4 core-shell NPs under the
pressure from 0 GPa to 9 GPa by 1530 nm excitation.

Table S1. Summary of the K value in equation (1).
Cycle 1

Cycle 2

K
0 ~ 9 GPa

9 ~ 0 GPa

0 ~ 9 GPa

9 ~ 0 GPa

λex = 808 nm

0.062 ± 0.033

0.063 ± 0.005

0.059 ± 0.004

0.058 ± 0.005

λex = 980 nm

0.048 ± 0.003

0.048 ± 0.002

0.046 ± 0.002

0.045 ± 0.003

λex = 1530 nm

0.054 ± 0.003

0.051 ± 0.004

0.052 ± 0.004

0.055 ± 0.003

Figure S10. Optical stability response of NaErF4: 0.5% Tm@NaLuF4 NPs. (a) For the
two pressure cycles, we collected UC emission spectra, normalized the initial value of
green light, and analyzed the variation of the integral intensity of green light with
pressure under different excitation lights of 808 nm, 980 nm and 1530 nm. The pink
square, yellow circle, green triangle and blue diamond represent the cycle 1
pressurization, cycle 1 release, cycle 2 pressurization and cycle 2 release processes,
respectively. (b) The peak position of the green emission at different excitation
wavelengths during the two cycles.

Figure S11. The morphology, crystal structure, and UC emission properties of
NaErF4:0.5%Tm@NaLuF4 nanoparticles in the initial state and after releasing
pressure were compared. (a) TEM images of the NPs in the initial state and after
releasing pressure. (b) XRD of the NPs in the initial state and after releasing pressure.
(c) The UC emission spectra of the NPs by 1530 nm excitation (6 W/cm2) in the
initial state and after releasing pressure.
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