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Experimental Section

Materials. YCI;-6H,0 (99.99%), GdCl;-6H,O (99%), YbCl;-6H,0O (99.9%), ErCl;-6H,O (99.9%), NH,F
(299.99%), NaOH (99.99%), oleylamine (OM, technical grade 70%), oleic acid (OA, technical grade 90%), and
I-octadecene (ODE, technical grade 90%) were purchased from Sigma-Aldrich. Sodium oleate (>97.0%) was
obtained from TCI.

Synthesis of YOF:Yb(18%),Er(2%) core upconversion nanophosphors (UCNs). One mmol of RE(oleate);
[RE: rare earth = 80% Y, 18% Yb, and 2% Er] was prepared by adapting the previous method.8! Then, 1 mmol
of RE(oleate); was mixed with OM and ODE in a three-neck flask (OM:ODE = 6 mL:14 mL, 8 mL:12 mL, 10
mL:10 mL, 12 mL:8 mL, and 14 mL:6 mL), and the temperature of the mixed solution was increased to 150 °C
and maintained for 40 min. The homogeneous solution was cooled to 50 °C and methanol (MeOH) solution,
which contained 1 mmol of NH4F, was added to the flask. After keeping the mixed solution at 50 °C for 40 min,
MeOH was removed and the solution was heated to various temperatures from 280 °C to 310 °C. After heat-
treatment, the as-synthesized YOF:Yb(18%),Er(2%) (YOF:Yb,Er) UCNs were washed with ethanol (EtOH)
several times, and they were dispersed in 10 mL of CHCIs.

Syntheses of Gd(20%)-substituted YOF:Yb(18%),Er(2%) and GAOF:Yb(18%),Er(2%) UCNs. One mmol
of RE(oleate); [RE = 20% Gd, 60%Y, 18% Yb, and 2% Er for Gd(20%)-substituted YOF:Yb(18%),Er(2%), and

80% Gd, 18% Yb, and 2% Er for GAOF:Yb(18%),Er(2%)] was prepared by adapting the previous method.S!
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Then, 1 mmol of RE(oleate); was mixed with OM (10 mL) and ODE (10 mL) in a three-neck flask, and the
temperature of the mixed solution was increased to 150 °C and maintained for 40 min. Other synthetic
procedure was the same as that for the synthesis of the YOF:Yb,Er UCN:s. It is noted that final heat-treatment
was conducted at 300 °C. The as-synthesized Gd(20%)-substituted YOF:Yb(18%),Er(2%) and
GdOF:Yb(18%),Er(2%) UCNs were dispersed in 10 mL CHCI;, respectively.

Synthesis of YOF:Yb(18%),Er(2%)/YOF core/shell (C/S) UCNs. One mmol of Y(oleate); was loaded in a
three-neck flask containing OM (10 mL) and ODE (10 mL) solvents and the mixture was heat-treated at 150 °C
for 40 min. After cooling down to 50 °C, the YOF:Yb.Er cores and 10 mL of MeOH solution containing 1
mmol of NH4F were sequentially injected into the solution, and then the reaction solution was kept for 40 min.
After removing MeOH, the solution was heat-treated at 300 °C for 90 min. After finishing the heat-treatment,
the as-synthesized YOF:Yb(18%),Er(2%)/YOF (YOF:Yb,Er/YOF) C/S UCNs were washed with EtOH several
times, and dispersed in 10 mL of CHCl,.

Synthesis of NaGdF,:Yb(18%),Er(2%) core UCNs. The green-emitting UCNs were synthesized by adopting
the previously reported method with slight modifacation.S? One mmol of RECl;-6H,0 [RE = 80% Gd, 18% Yb,
and 2% Er] was mixed with OA (6 mL) and ODE (15 mL) in a three-neck flask, and the temperature of the
mixed solution was increased to 150 °C and maintained for 40 min. The homogeneous solution was cooled to
50 °C and MeOH solution, which contained 2.5 mmol of NaOH and 4 mmol of NH,F, was added to the flask.
After keeping the mixed solution at 50 °C for 40 min, MeOH was removed and the solution was heated to 300
°C. After heat-treatment for 60 min, the as-synthesized NaGdF,:Yb(18%),Er(2%) (NaGdF,:Yb,Er) UCNs were
washed with EtOH several times, and they were dispersed in 10 mL of CHCls.

Synthesis of NaGdF,:Yb(18%),Er(2%)/NaGdF, C/S UCNs. One mmol of GdCl;-6H,0 was loaded in a
three-neck flask containing OA (6 mL) and ODE (15 mL) solvents and the mixture was heat-treated at 150 °C
for 40 min. After cooling down to 50 °C, the NaGdF,:Yb,Er cores and 10 mL of MeOH solution containing 2.5
mmol of NaOH and 4 mmol of NH,4F were sequentially injected into the solution, and then the reaction solution
was kept for 40 min. After removing MeOH, the solution was heated to 300 °C. After the heat-treatment for 60
min, the as-synthesized NaGdF,:Yb(18%),Er(2%)/NaGdF, (NaGdF,:Yb,Er/NaGdF,) C/S UCNs were washed
with EtOH several times, and dispersed in 10 mL of CHCl;.

Characterization. A Hitachi F-7000 spectrophotometer was employed for all photoluminescence (PL)

measurements by coupling with a continuous-wave (cw) near infrared (NIR) laser (A = 980 nm). For
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transmission electron microscopy (TEM), an FEI Tecnai G? F20 transmission electron microscope was used
(operation voltage = 200 kV). The scanning transmission electron microscopy (STEM) images were obtained
using an FEI Titan 80/300 scanning transmission electron microscope (operating voltage = 300 kV). The crystal
structures of the core and C/S UCNs were determined by using a Bruker D8-Advance X-ray diffractometer

operated at 45 kV and 40 mA.
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Figure S1. An HR-TEM image of YOF:Yb(18%),Er(2%) UCNs synthesized under the mixed solvent
of OM and ODE (OM:ODE = 6:14). Inset shows an FFT pattern obatined for the selected area

indicated with a red square.

Figure S2. TEM images of (a) Gd(20%)-substituted YOF:Yb(18%),Er(2%) UCNs and (b)

GdOF:Yb(18%),Er(2%) UCNG.
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Figure S3. (a) An HR-STEM image of an YOF:Yb(18%),Er(2%) core UCN and (b) an FFT pattern for

the HR-STEM image shown in (a).

Figure S4. (a) An HR-STEM image of the YOF:Yb(18%),Er(2%)/YOF C/S UCN and (b) an enlarged
HR-STEM image of the selected area shown in (a) which is indicated with the white dotted square.

Blue, green, and red spheres in (b) represent Y, F, and O, respectively. The atomic arrangement shown

in (b) is consistent with a projection of the extended YOF unit cell along the [110] direction.
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Figure S5. (a) PL spectra of YOF:Yb(18%),Er(2%)/YOF C/S UCNs with varying incident laser
powers and (b) The PL intensities for red emission of YOF:Yb(18%),Er(2%)/YOF C/S UCNs as a

function of incident laser power density. It is noted that R? value for the linear fitting was 0.995.
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Figure S6. (a) TEM image of NaGdF,:Yb(18%),Er(2%)/NaGdF, C/S UCNs. (b) PL spectra and (c)
integrated PL intensities of the NaGdF;:Yb(18%),Er(2%)/NaGdF, C/S UCNs and

YOF:Yb(18%),Er(2%)/YOF C/S UCNs.
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Table S1. Sizes and compositions of some representative red-emitting UCNS.

Composition size Reference
YOF:Yb(18%),Er(2%)/YOF 8.7+ 0.7 nm This work
NaGdF4:Yb(20%),Ho(1%),Ce(30%)/NaYF4:Nd(20%), ~50 nm x ~22 nm 3
Yb(20%) (diameter X thickness)
KMnF;:Yb(18%),Er(2%) ~15 nm - ~39.6 nm* S4
NaErF4:Tm(0.5%)/NaYF,4 28.6 nm S5
~35-38nm/
NaErFy/NaluFy 23.9+1.0-338+1.1nm 56
NaErF;:Tm(0.5%),Gd(10%)/NaYF4:Ca(20%),Yb(10%)/ 3.1 nm 3
NaYF4:Nd(40%),Yb(10%) '
NaGdF4:Yb(18%),Ho(2%),Ce(30%)/NaYF4:Nd(50%), 19.5 nm 7
Yb(5%)/NaGdF, '
YOF:Yb(20%),Er(2%)/YOF 18 £0.7 nm S8
Mn(30%)-doped NaYF,4:Yb(18%),Er(2%) 20 -25 nm S9

*Particle size was calculated by using the TEM image in ref. S4.
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