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Supplementary Methods

Materials. Lanthanide oxides (Ln: Y, Yb, Tm, Er, Tb), oleic acid (OA; 90%),
oleylamine (OM; >80%) and 1-octadecene (ODE; >90%) were purchased from
Sigma-Aldrich. CF;COONa (NaTFA) and CF3;COOL.i (LiTFA) were purchased from
Alfa Aesar. Trifluoroacetic acid (99.5%) was purchased from Aladdin Inc. Ethanol,
cyclohexane and Tween 20 (=99.5%) were purchased from Sinopharm Chemical
Reagent Co., China. Hematoporphyrin monomethyl ether (HMME; =95%) was
purchased from Shanghai Shifeng Biological Technology Co., Ltd. Singlet oxygen
sensor green reagent (SOSG) was purchased from Dalian Meilun Biotechnology Co.,
Ltd. All chemicals were used without further purification. Lanthanide trifluoroacetate
(LnTFA) were prepared by the method we reported previously .

General procedure for synthesis of the core nanoparticles:

a-NaYF,; UCNPs were chosen here due to their facile synthesis and controllability.
The core nanoparticles were synthesized following a procedure reported by Yan et al.®)
with a slight modification. In a typical procedure to synthesize 11.1 nm-sized
a-NaYF,4: 10 mol% Er nanoparticles, an aqueous solution containing 1 mmol NaTFA,
0.9 mmol YTFA and 0.1 mmol ErTFA was mixed with 5 mL OA, 5 mL OM and 10
mL ODE in a 50 mL flask. Then the mixture was heated at 130 <C for 30 min to form
an optically transparent solution. Subsequently, the solution was heated to 290 °C and
kept for 30 min under Ar flow with vigorous stirring before being cooled to room
temperature. The resulting nanoparticles were precipitated by addition of ethanol,
collected by centrifugation at 10000 rpm for 10 min, washed twice with a mixture of
cyclohexane/ethanol, and then re-dispersed in 10 mL cyclohexane for later use. The
synthetic procedure for other core nanoparticles is identical to that for a-NaYF,:
10mol%Er except for the use of different precursors.

B-NaYF4: 10 mol% Er nanoparticles were synthesized from o-NaYF4: 10 mol% Er
nanoparticles (acquired through the same procedure as above except for Na/Re ratio
was controlled at 2.5) by using the following procedures. NaTFA agueous solution
(2.0 mmol) and 1.0 mmol o-NaYF4:10 mol% Er nanoparticles dispersed in
cyclohexane were first added into a mixture of 10 mL OA and 10 mL ODE in a 50mL
flask. Then, the mixture was heated at 100 °C for 20 min to remove cyclohexane.
After being further heated at 130 °C for 30 min, the mixture was finally heated to 320
°C and maintained at this temperature for 45 min under Ar flow with vigorous stirring.

The resulting nanoparticles were precipitated, washed and re-dispersed in



cyclohexane as described above. For better control of the growth of pB-NaYF,
nanoparticles, a procedure reported by Steven Chu et al.® was also adopted with a
slight modification to synthesize B-NaYF.: 10 mol% Er core. An aqueous solution
containing 0.9 mmol YCl; 6H,0 and 0.1 mmol ErCl; 6H,0 was firstly mixed with 10
mL OA and 10 mL ODE in a 50 mL flask, and then heated at 150 <C for 30 min to
form an optically transparent solution. Subsequently, the solution was cooled to room
temperature, and 6 mmol NH4F and 3 mmol sodium oleate were quickly added into
the reaction. Thereafter, the solution was heated to 120 <€ and kept for 30 min, and
then heated to 300 °C and kept for 60 min under Ar flow with vigorous stirring before
being cooled to room temperature. The resulting nanoparticles were precipitated by
addition of ethanol, collected by centrifugation, washed twice with a mixture of
cyclohexane/ethanol, and then re-dispersed in 10 mL cyclohexane for later use.
General procedure for the synthesis of core-shell nanoparticles:

The as-synthesized NaYF4:10%Er core nanoparticles (3 mL cyclohexane dispersion)
were used as seeds to induce a subsequently epitaxial growth of NaYbF, shell layer.
Taking the growth of 8.3-nm-thick NaYbF, shell layer as an example, an aqueous
solution of YbTFA (4 mmol) and NaTFA (4 mmol) was mixed with OA (8 mL) and
ODE (12 mL) in a 50 mL flask. The resulting mixture was heated to 130 °C and kept
for 30min to form yellowish lanthanide-oleate complexes, followed by being cooled
to room temperature. Subsequently, the as-prepared NaYF4:Er core nanoparticles
were added into the flask and the mixture were heated at 100 °C for 20 min to
evaporate cyclohexane. Thereafter, the temperature of the mixture was raised to 290
°C at 15 °C/min and held at 290 °C for 30 min under an argon atmosphere. The
resulting nanoparticles were precipitated by addition of ethanol, collected by
centrifugation at 10000 rpm for 10 min, washed twice with a mixture of
cyclohexane/ethanol, and then re-dispersed in cyclohexane (3 mL) for outmost shell
growth. The synthetic procedure for other core-shell nanoparticles is identical to that
for a-NaYF,:10mol%Er@NaYbF, except for the use of different precursors or
temperatures (3-phase).

General procedure for the synthesis of core-shell-shell nanoparticles:
Core-shell-shell nanoparticles were synthesized using a procedure similar to the
procedure for core-shell nanoparticles. The as-synthesized NaYF;:10%Er@NaYbF,
core-shell nanoparticles (3 mL cyclohexane dispersion) were used as seeds to induce a
subsequently epitaxial growth of NaYF, layer. NaTFA and YTFA were used as the



precursors for epitaxial growth of NaYF, shell. The synthetic procedure for other
core-shell-shell nanoparticles is identical to that for a-NaYF,;:10mol%Er
@NaYbF,@NaYF, nanoparticles except for the use of different precursors or
temperatures (- phase).

General procedure for the synthesis of core-shell-shell-shell nanoparticles:

The procedure for synthesizing core-shell-shell-shell nanoparticles is identical to that
for synthesis of core-shell-shell nanoparticles except for the use of different
precursors.

Details for synthesis of various nanoparticles are shown in Table S1 and S2.
Nanocrystal Characterization.

For making reliable comparison, all kinds of nanoparticles were prepared from 0.3
mmol core nanoparticles (Table S1 and S2) and dispersed in 3 mL of cyclohexane for
measurement. Considering the inevitable loss during shell growth, the concentration
of core-shell-shell and core-shell-shell-shell nanoparticles should be smaller than that
of core-shell nanoparticles, while nearly the same concentration will be obtained for
various core-shell-shell nanoparticles (NPs). A Nikon digital camera was used to take
photographs of the nanoparticles, which were excited by 980-nm laser at 15.2 W cm.
Exposure time: 0.01s. The quantum yield of the upconversion emission was measured
on the same spectrometer combined with an integration sphere. Before measurement,
the above NPs dispersions were diluted to minimize scattering of the excitation light.
An excitation power density of 4.5 W cm was used for all the measurements except
for power dependent QY measurements for Cy: 10%Er@Sy,@Sy NPs (dsyp = 8.3+0.7,
dsy = 2.340.1). The quantum yield (QY) was calculated by the following equation

visible photons emitted o, sampte = lem reference
|

QY = =
980 nm photons absorbed |

ex,reference ~ ! ex,sample

where lemsample @Nd lem reference @re the integrated emission intensity in the range of
350-700 nm from the sample and the reference (~0), respectively. lex reference and
lexsample @re the integrated intensities of the excitation light in the presence of the
reference and the sample, respectively. In the test, the cyclohexane was used as the
reference.

Correction for spectral sensitivity.

Considering the diverse corrected UCL spectra for Tm** doped upconversion
nanoparticles have been reported in previous articles *® all spectra herein were
collected with the mode of “emission correction off” if not specified to emphasize the
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variation in the short wavelength. For avoiding confusion, typical UCL spectra were
also collected with the mode of “emission correction on” for comparison.

Tween 20 modification of UCNPs.

In a typical surface modification process, 500 uL of Tween 20 was added into a 100
mL flask containing 50 mg of the synthesized UCNPs and 25 mL of cyclohexane
under 10 min sonication. The milk-like dispersion was added into 50 mL of deionized
water in a 100 mL flask for another 30 min sonication. After that, the flask was
transferred into a 75 °C-water bath under stirring to evaporate the cyclohexane. After
centrifugation, the UCNPs were washed with deionized water for two times. Tween
20-UCNPs were obtained via vacuum freeze-drying method.

Hematoporphyrin monomethyl ether (HMME) loading on UCNPs.

Loading of HMME onto Tween 20-UCNPs was carried out by soaking 5 mg of Tween
20-UCNPs with 8 mL of a HMME aqueous solution (the concentration of HMME is
0.188, 0.325, 0.563, 0.750 mmol L™, respectively) within 10 mL vials and stirring
overnight at room temperature in the dark. The formed scarlet composites
(HMME-UCNPs) were centrifugalized at 11 000 rps for 10 min, and the supernatants
were also carefully collected for the loading percentage test, the HMME-UCNPs were
washed with deionized water 3 times and dried via vacuum freeze drying method. The
loading capacities of HMME on Tween 20-UCNPs were determined by absorption
spectra of the HMME aqueous solution before and after loading. The calibration
curves for absorption vs. concentration of HMME are shown in Supplementary Fig.
32. The photosensitizer loading percentage can then be derived using the following
formula:

Photosensitizer loading

_Mass of photosensitizer incorporated into nanoparticles 5
Mass of nanoparticles

100

Detection of 'O, production of HMME-UCNPs in solution under 980 nm laser
irradiation.

In a typical experiment, 2 mg of above HMME-UCNPs were suspended in 2 mL of a
SOSG aqueous solution (the concentration of SOSG is 10 umol L™). The mixture was
injected into a quartz cuvette placed on a magnetic stirring apparatus and the solution
was irradiated with an 980 nm laser at 24 W cm for 5 min time intervals beginning
from time (t) = 0 to 30 min, with the fluorescence emission of SOSG (excited by 380
nm) being measured between intervals using FLS980.
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Supplementary Figure 1. Upconversion Emission of canonical core-shell
nanoparticles. Emission spectrum and luminescent photograph for the NaYF4:20%
Yb, 2% Er@NaYF, core-shell nanoparticles.



Layer-by-Layer Epitaxial Growth
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a-NaYbF, 3.13 2.71 1.91 1.63 1.56 1.356
Mismatch 1.01% 0.99% 1.0% 0.97% 1.01% 1.02%

Supplementary Figure 2. Epitaxial growth of core-shell-shell nanoparticles.
Synthetic scheme for a-NaYF,;: Er@NaYbF,@NaYF, core-shell-shell nanoparticles.
The small lattice mismatches between a-NaYF,; and a-NaYbF, crystals along
different directions allow a layer-by-layer epitaxial growth of a-NaYbF,; and a-NaYF,

shells on pre-synthesized a-NaYF4:10%Er core nanoparticles.
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Supplementary Figure 3. Characterization of the core-shell-shell nanocrystals.

TEM

images and corresponding size distributions of NaYF4Er core (a),

NaYF4.Er@NaYbF, core-shell (b) and NaYF;:Er@NaYbF,@NaYF, core-shell-shell
(c) and NaYF4:Yb,Er@NaYF, core-shell (d) nanoparticles. The scale bars are 100 nm.
the as-synthesized NaYF;.Er@NaYbF,@NaYF,; and
NaYF4:Yb,Er@NaYF, nanoparticles. Cy, Cy,, Syp and Sy are used to designate
NaYF, core, NaYbF, core, NaYbF, shell and NaYF, shell, respectively. (f) The
energy-dispersive X-ray spectra for the NaYF;Er@NaYbF,@NaYF; and the
NaYF4:Er (inset) nanoparticles. The Er concentration of 9.27+1.12% determined from

() XRD patterns for

EDX analysis is comparable to the nominal concentration of 10%.
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Supplementary Figure 4. Emission spectra collected in two modes. Comparison of
upconversion emission spectra for NaYF;:20%Yhb, 2%Er@NaYF, core-shell (dsy =
10.5+0.8 nm) and NaYF,4:10%Er@NaYbF,@NaYF, core-shell-shell (dsyp, = 8.340.7
nm, dsy = 2.33).1 nm; dsyp and dsy herein are used to designate the thickness of the
intermediate NaYbF,; and the outmost NaYF, shells, respectively.) nanoparticles

collected with the mode “emission correction off” (a) and “emission correction on”

(b).
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Supplementary Figure 5. Upconversion emission spectra for different structures.
Upconversion  emission  spectra  for  NaYF4;:10%Er core  (Cy:10%Er),
NaYF4:10%Er@NaYbF, core-shell (Cy:10%Er@Syp, dsy, = 8.3+0.7 nm) and
NaYF4:10%Er@NaYbF,@NaYF, core-shell-shell (Cy:10%Er@Syp@Sy, dsyp =
8.3#).7 nm, dsy = 2.3#0.1 nm) nanoparticles. Upconversion emission spectrum for
NaYF4:YDb, Er core (Cy:20%Yb, 2%Er) is also shown for comparison. Inset shows the

enlarged spectra for some samples.

10



a)

(=2
~—

NaYF,
°
- °

WP Somwe ° Yb¥* o Er
100% Yb 5 @ Increasing Yb3*

N 70% Yb
\ 50%Yb 2o
J —20%

—0%
20% Yb

Lo

A

100%
70%

Intensity (arb. units)
Intensity (arb. units)

T T T T T T T

40 50 60 70 350 400 450 500 550 600 650 700
2 theta (degree) Wavelength (nm)

d) Yb3+
I 20% 0% » 100%
[ 50%
E -70% I I
100%

20 30

(3]
o~
o

> o o
L L

N
L

Integrated Intensity (10%)

o

390420 500-580 620-700
Yb (mol%)

Supplementary Figure 6. Characterization of NaYF;:10%Er@NaYF,:Yb
(0-100mol%) @NaYF4 nanoparticles. The XRD patterns (a), upconversion emission
spectra (b), emission peak intensity ratios (c) and luminescence photographs (d) for
the NaYF4:10%Er@NaYF,:Yb (0-100mol%) @NaYF, core-shell-shell nanoparticles

(dsnayra:yb = 5.040.5 nm, dsy = 2.440.2 nm) The dsnayra:vb designates the thickness of
the intermediate NaYF,4: Yb (0-100mol%).
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Supplementary Figure 7. Shell thickness determined by TEM observation. TEM
images of the NaYF4:10%Er@NaYbF,@NaYF, core-shell-shell nanoparticles with
varying NaYbF, shell thickness. The inert NaYF, shell thickness was controlled at
2.0~2.7 nm. The insets show that the emission firstly enhances and then decays with
increasing NaYbF, shell thickness.
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Supplementary Figure 8. Varying outmost NaYF, shell thickness. TEM images of
the NaYF4;:10%Er@NaYbF,@NaYF,; core-shell-shell nanoparticles with varying
NaYF, inert shell thickness. The NaYbF, shell thickness was controlled at ~ 8.3 nm.

The scale bars are 100 nm.
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Supplementary Figure 9. Comparison of multiphoton upcoversion processes in
two structures. Power-dependent upconversion emission intensity for the 2Hgp—
1512, *Sap— 11512 and *Foro—"l15p transitions of Er** from NaYF4:Yb,Er@NaYF, (dsy
= 10.540.8 nm) (a) and NaYF;Er@NaYbF,@NaYF; (dsy, = 8.3+0.7 nm, dsy =
2.330.1 nm) (b) nanoparticles.
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Supplementary Figure 11. Comparison of luminescence decay curves.
Luminescence decay curves for NaYF,.Er@NaYbF,@NaYF, (dsyp = 8.3+0.7 nm, dsy
= 2.340.1 nm) and NaYF4:20%Yb, 2%Er@NaYF, (dsy = 10.540.8 nm) nanoparticles.
The decay curves were obtained by monitoring upconverted Er** emission at 407 nm

(@), 540 nm (b) and 651 nm (c) under excitation of a pulsed laser at 980 nm,
respectively.
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Supplementary Figure 12. Relationship of luminescence decay curves with
sensitizer layer thickness. Luminescence decay curves for NaYF4:10%Er@NaYbF,
@NaYF,4 nanoparticles with dsy, varying from 1.3 to 13.1 nm (dsy = 2.0~2.7 nm).
The decay curves were obtained by monitoring upconverted Er** emission at 407nm
(@), 540nm (b) and 651nm (c) under excitation of a pulsed laser at 980 nm,
respectively. (d) PL lifetimes as a function of NaYbF, shell thickness.
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Supplementary Figure 13. Relationship of luminescence decay curves with

outmost inert layer thickness.  Luminescence curves  for

NaYF4:10%Er@NaYbF, @NaYF, nanoparticles with dsy varying from 0 to 5.6 nm
(dsyp = 8.3+0.7 nm). The decay curves were obtained by monitoring upconverted Er®*

decay

emission at 407nm (a), 540nm (b) and 651nm (c) under excitation of a pulsed laser at

980 nm, respectively. (d) PL lifetimes as a function of NaYF, shell thickness.
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Supplementary Figure 14. UCL for multilayered structures with different
intermediate  inert layer thicknesses. (a) TEM images of the
NaYF4:10%Er@NaYF,@NaYbF,@NaYF, tetra-layered nanoparticles with 1.1
(top-right) and 2.3 nm-thick (bottom-right) NaYF, interlayer. TEM image of the cores
is shown on the left. (b-c) Upconversion emission spectra indicate that insertion of
another empty shell (NaYF, interlayer) has little effect on the population of different

Er®* energy levels but greatly reduces UCL intensity and quantum yield.
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Supplementary Figure 15. Effect of Er®* concentration on UCL intensity. (a)
Upconversion emission spectra for the NaYF4:Er (2-100mol%) @NaYbF;@NaYF,
core-shell-shell nanoparticles (dsy, = 8.3+0.7 nm, dsy = 2.3240.1 nm). (b) The
integrated emission intensities as a function of Er** concentration.

20



~4

N3

—Cy: 10% Er@S,,@Sy
—C,@Sy,: 2% Er@s,
—C,,@Sy: 10% Er@S,,
—Cy,: 20% Er@Sy

v
%
-
O
o5

a®
o
&
»
3
'.
.
@

=
Q‘. %
.&
™
.:‘.'.'
I.

2]

Lile
)
%s'

3
2
"
)

58

4G sy 2
Al
1

i
’:b.
#

47
o3

st
e

! . 3 400 450 500 550 600 650 700
0q %y kT R Sel 5 0 Pagss ¢
2” e T - 0aan SN0 SeLY| ga-r- e o Wavelength (nm)

Supplementary Figure 16. A comparison of a-NaYF4:10%Er@NaYbF,@NaYF,
nanoparticles and the recently reported new nanostructures.®°*'% (a-h) TEM
images of a-NaYF;@NaYbgggErgoFs@NaYF, (Cy@Svp: 2%Er@Sy) (a-c for the
core, core-shell and core-shell-shell nanostructures),
o-NaYbF,@NaYoErg1Fs@NaYbF,; (Cyp@Sy: 10%Er@Syp) (d-f for the core,
core-shell and core-shell-shell nanostructures) and o-NaYbggErg2Fs@NaYF; (Cyp:
20%Er@Sy) (g, h for the core and core-shell nanostructures). (i) Upconversion
emission spectra for these UCNPs upon 980-nm excitation (24.0 W cm™). The
NaYF4:10%Er@NaYbF,@NaYF, nanoparticles emit the strongest UCL,
demonstrating their superior photon upconversion efficiency over the others. It should
be noted that a-NaYgYboFs@NaYgsErooFs@NaYosYbooFs UCNPs might emit
stronger UCL than Cy,@Sy: 10%Er@Sy, UCNPs due to much weaker quenching
effect. The same doping concentrations of Er (10%) and Yb (100%) were adopted
here to validate this structure is not efficient for suppressing concentration quenching.
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Supplementary Figure 17. Near Infrared (NIR) luminescence of core-shell-shell
nanoparticles. (a-b) Luminescence decay curves of emission at 1000 nm (a) and NIR
downshifting luminescence from Er** “li3, energy level for the NaYF4Er
(2-100mol%) @NaYbFs@NaYF, core-shell-shell nanoparticles (dsy, = 8.3£0.7 nm,
dsy = 2.340.1 nm). (c) The integrated NIR emission intensities as a function of Er**

concentration.
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Supplementary Figure 18. Relationship of luminescence decay curves with Er**
concentration. Luminescence decay curves of emission at 407 (a), 540 (b) and 651
(2-100mol%) @NaYbF,@NaYF,

nanoparticles (dsyp = 8.3+0.7 nm, dsy = 2.330.1 nm). (d) PL lifetimes as a function of

nm (c) for the NaYF4Er

Er®* concentration.
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Supplementary Figure 19. UCL of larger sized core-shell-shell nanoparticles.
Morphology and Photoluminescence spectrum of larger
NaYF4:10%Er@NaYbF,@NaYF, core-shell-shell nanoparticles indicate the key roles
of NaYbF, shell thickness in enhancing multiphoton emission. TEM images and their
corresponding size distributions of the NaYF4:10%Er (a), NaYF4:10%Er@NaYbF, (b)
and NaYF4:10%Er@NaYbF,@NaYF, (c) nanoparticles. The upconversion emission
spectrum (d) and XRD pattern (e) for the NaYF4;:10%Er@NaYbF,@NaYF,
nanoparticles.
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Supplementary Figure 20. Comparison of UCL at 3.8 and 298 K. (a) The
integrated intensity of the emission bands determined from the photoluminescence
spectra of a-NaYF4:10%Er@NaYbF,@NaYF, core-shell-shell nanoparticles (dsy, =
8.3+0.7 nm, dsy = 2.330.1 nm) at 3.8 and 298 K, respectively. (b) CIE chromaticity
diagram shows the luminescent color of the NaYF;: 10%Er@NaYbF,@NaYF,
nanoparticles at different temperatures.
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Supplementary Figure 21. Variation of UCL for core-shell-shell nanoparticles
with decreasing temperature. (a) The representative emission spectra of a-NaYF,:
10% Er@NaYbF,@NaYF, core-shell-shell nanoparticles (dsy, = 8.3+0.7 nm, dsy =
2.340.1 nm) recorded from 3.8 to 298 K. (b-d) Temperature-dependent peak intensity

of 2Hop, %F7p, “Hup, *Ssp and “Fgp to “lisp  transitions for a-NaYFy:

Temperature (K)

10%Er@NaYbF,@NaYF, core-shell-shell nanoparticles.
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Supplementary Figure 22. Variation of UCL for core-shell nanoparticles with
decreasing temperature. (a) The representative emission spectra of a-NaYF,: 20%
Yb, 2% Er@NaYF, core-shell nanoparticles (dsy = 10.530.8 nm) recorded from 3.8 to
298 K. (b) Temperature-dependent peak intensity of 2Hoia, 2Hiio, *Sap and “Fg to
*1151 transitions for a-NaYF4: 20% Yh, 2% Er@NaYF, core-shell nanoparticles.
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Supplementary Figure 23. Variation of UCL for core-shell-shell nanoparticles
with increasing temperature. (a) The representative emission spectra of a-NaYF,:
10% Er@NaYbF;@NaYF, core-shell-shell nanoparticles (dsy, = 8.3+0.7 nm, dsy =
2.340.1 nm) recorded from 298 to 508 K. (b) Temperature-dependent peak intensity
of “Hep, Hup, Sz and “Fop to “*lisp  transitions for a-NaYFs 10%
Er@NaYbF,@NaYF,; core-shell-shell nanoparticles. The temperature dependent
spectra demonstrate obvious thermal quenching effect. Abnormal intensity increase at

temperatures higher than 488 K may be due to surface defects minimization, as
reported previously .
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Supplementary Figure 24. Enhanced multiphoton upconversion emission of Er**

in a B-NaLnF, host lattice. TEM images of (a) B-NaYFs:Er@NaYbF,@NaYF, and
(b) B-NaYF4:Yb,Er@NaYF, nanoparticles and (c) corresponding XRD patterns. The
scale bars are 100 nm. (d) Schematic representation of the core-shell-shell structure
for enhanced multiphoton upconversion in a B-NaLnF;-based nanoparticle. (e)
Schematic representation of the B-NaYF, crystal structure. (f) Upconversion emission
spectra showing significantly enhanced red and violet emission from the
as-synthesized B-NaYF4,:Er@NaYbF,@NaYF, nanoparticles compared with that from
B-NaYF4:Yb,Er@NaYF, nanoparticles.
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Supplementary Figure 25. Enhanced multiphoton upconversion emission of Er**
in a LiLnF4 host lattice. TEM images of (a) LiYF4Er@LiYbF,@LiYF, and (b)
LiYF4.Yb,Er@LiYF, nanoparticles and (c) corresponding XRD patterns. The scale
bars are 100 nm. (d) Schematic representation of the core-shell-shell structure for
enhanced multiphoton upconversion in a LiLnF,-based nanoparticle. (e) Schematic
representation of the tetragonal-phase LiYF, crystal structure. (f) Upconversion
emission  spectra showing the as-synthesized LiYF4Er@LiYbF,@LiYF,
nanoparticles emit significantly enhanced red and violet emission compared with the
LiYF4:Yb,Er@LiYF, nanoparticles.
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a-NaYF4: Th@NaYbF,@NaYF, (b, d) core-shell-shell nanoparticles.
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Supplementary Figure 27. Enhanced multiphoton upconversion in Tm**-doped
core-shell-shell nanoparticles. Upconversion emission spectra and integrated
intensity in the range of 300-600 nm for a-NaYF;: Tm@NaYbF,@NaYF; (dsyp =
8.3+0.7 nm, dsy = 2.340.1 nm) (a, b) and a-NaYF4:Yb,Tm@NaYF, (dsy = 10.540.8
nm) (c, d) nanoparticles at different Tm** doping concentrations showing suppression
of luminescence quenching in a-NaYF,: Tm@NaYbF,@NaYF, nanoparticles at Tm®
doping concentration below 8%. The inset: luminescence photographs of
a-NaYF;:8% Tm@NaYbF,@NaYF, (a) and a-NaYF4Yb,0.5%Tm@NaYF,; (c)
nanoparticles. (e, f) The corresponding UCL spectra collected with the mode
“emission correction on”.
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Supplementary Figure 28. Enhanced multiphoton upconversion in Th**-doped
core-shell-shell nanoparticles. Upconversion emission spectra  for
a-NaYF,: Tb@NaYbF,@NaYF, (top, dsy, = 8.3+0.7 nm, dsy = 2.340.1 nm) and
a-NaYbF,: Th@NaYF, (bottom, dsy = 10.540.8 nm) nanoparticles at a Th** doping
level of 30 mol%. The inset: luminescent photographs of the corresponding

nanoparticles.
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Supplementary Figure 29. UCL mechanism in core-shell-shell nanoparticles.
Simplified energy level diagram shows enhanced multiphoton upconversion from

Yb* to Tm*/Tb® in a-NaYFs Tm(Th)@NaYbF,@NaYF, core-shell-shell
nanoparticles (dsyp = 8.3+0.7 nm, dsy = 2.340.1 nm).
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Supplementary Figure 30. Standard core-shell sample and p-phase
core-shell-shell sample. TEM images of (a) PB-NaYF4:18%Yb, 2%Er, (b)
B-NaYF;:18%Yb, 2%Er@NaYF, (a standard sample synthesized according to ref 8),
(c) B-NaYF4:10%Er and (d) PB-NaYF4:10%Er@NaYbF,@NaYF,; nanoparticles
(synthesized by a procedure similar to that reported in ref 3).
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Supplementary Figure 31. Enhanced multiphoton emission from Tm** and Er**
in dual activators doped core-shell-shell-shell nanoparticles. (a) Schematic
representation of energy transfer processes in the a-NaYF, Tm@NaYbF,@NaYF4:Er
@NaYF, nanoparticles. (b) TEM image of the a-NaYF;Tm@NaYbF,@NaYF4:Er
@NaYF,4 nanoparticles. The scale bars is 100 nm. (c) Upconversion emission spectra
for the o-NaYF;Tm@NaYbF,@NaYF4Er@NaYF, and a-NaYF4:Yb,Tm,Er@
NaYF,; nanoparticles. The inset shows the Iluminescent photograph of the
o-NaYF,;Tm@NaYbF,@NaYF,.Er@NaYF, nanoparticles.
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Supplementary Figure 32. Enhanced multiphoton emission from Tm** and Tb**
in dual activators doped core-shell-shell-shell nanoparticles. (a) Schematic
representation of energy transfer processes in the a-NaYF, Tm@NaYbF,@NaYF4:Tb
@NaYF,4 nanoparticles. (b) TEM image of the a-NaYF,;: Tm@NaYbF,@NaYF,:Th
@NaYF,4 nanoparticles. The scale bars is 100 nm. (c) Upconversion emission spectra
for the o-NaYF4iTm@NaYbF,@NaYF,:Tb@NaYF; and o-NaYF4:Yb,Tm,Th@

NaYF, nanoparticles.
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Supplementary Figure 33. Loading of HMME on various samples. (a) The
absorbance curve of the HMME water solution at different concentrations and (inset)
the relationship between HMME concentration and absorption at 504 nm. The
absorption at 504 nm is much less affected by aggregation than the maximum
absorption at 392 nm. HMME loading percentages of (b) a-NaYF4:20%YDb,
2%Er@NaYF, (dsy = 10.5+0.8 nm), (¢) a-NaYF4:2%Er@NaYbF,@NaYF, (dsy, =
8.3#.7 nm, dsy = 2.340.1 nm) (d) a-NaYF4:10%Er@NaYbF,@NaYF,; (dsy, =
8.3#).7 nm, dsy = 2.33#).1 nm) Tween20-UCNPs with different concentration of
HMME aqueous solution. The loading percentages determined by absorption spectra
are nearly proportional to HMME initial concentration and no saturation can be
observed. 25 wt % HMME (loading capacity of 0.41 mmol g*) was thus loaded on
these UCNPs to investigate the 'O, production efficiency of the three different
structures.
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Supplementary Figure 34. Singlet oxygen production of HMME on various
nanoparticles. Fluorescence spectra measured every 5 minutes of SOSG (10 uM)
aqueous solution (a) and incubated with HMME-UCNPs in aqueous dispersion
irradiated by 980 nm laser (24 W cm™®): (b) a-NaYF,:20%Yb, 2%Er@NaYF, (dsy
10.5+0.8 nm), (c) a-NaYF4:2%Er@NaYbF,@NaYF, (dsy, = 8.3#.7 nm, dsy
2.340.1 nm), (d) a-NaYF4;:10%Er@NaYbF,@NaYF; (dsy, = 8.330.7 nm, dsy
2.3340.1 nm).
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Supplementary Figure 35. Luminescence decays exclude F&rster resonance
energy transfer (FRET) mechanism. Luminescence decay curves for Tween 20
modified NaYF;:10%Er@NaYbF,;@NaYF, nanoparticles (dsyp = 8.3+0.7 nm, dsy =
2.340.1 nm) before and after loading the photosensitizer, HMME. The decay curves
were obtained by monitoring upconverted Er** emission at 407 nm (a), 540 nm (b)
and 651 nm (c) under excitation of a pulsed laser at 980 nm, respectively. The

invariable lifetimes exclude FRET mechanism.
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Supplementary Table 1. Detailed dosage of precursors for synthesis of core-shell and

core-shell-shell Nanoparticles.

Shell
Sample Dosage of precursors Size (hm) thickness
(nm)
1 mmol NaTFA + 1-x;-y; mmol
a-Cy: x,%YDb, y,%Er YTFA + x; mmol YbTFA +y; 11.1#.0 -
mmol ErTFA
0.3 mmol NaYF;:20%Yh,2%Er
19-Cy: 20%Ybh, 2%Er@Sy  + 6.4 mmol NaTFA + 6.4 mmol 320425 10.540.8
YTFA
13.7+1.4 (x, = 0.18) 1.340.2
18.3+1.8 (x, = 1) 3.640.4
0.3 mmol NaYF4:10%Er + X, 21.142.0 (x, = 1.57) 5.040.5
a-Cy: 10%Er@Syy mmol NaTFA + x, mmol 24.342.3 (x, = 2.56) 6.640.6
YbTFA 271.782.4 (x, = 4) 8.3#).7
31.542.4 (x, = 4.6) 10.240.7
37.3482.3 (x, =5.5) 13.140.7
0.3 mmol a-Cy: 10%Er@Syy
(dsyp = 1.3+0.2) + 0.64 mmol 17.742.0 2.040.3
NaTFA + 0.64 mmol YTFA
0.3 mmol a-Cy: 10%Er@Syy
(dsyp = 3.6+0.4) + 1.15 mmol 231824 2.440.3
NaTFA + 1.15 mmol YTFA
0.3 mmol a-Cy: 10%Er@Syy
(dsyp = 5.0£0.5) + 1.44 mmol 25.841.6 2.440.2
NaTFA + 1.44 mmol YTFA
0.3 mmol a-Cy: 10%Er@Syy
(dsyp = 6.6+0.6) + 1.86 mmol 29.8+2.1 2.74).1
20-Cy: 10%Er@Sy,@Sy NaTFA + 1.86 mmol YTFA
30.3+2.0 (y, = 1.86) 1.330.1
0.3 mmol a-Cy: 10%Er@Syy 32,2422 (y, = 2.4)° 23401
(dsyp = 8.3+0.7) + y, mmol
NaTFA +y, mmol YTFA? 33.3£1.8(y, = 3) 2.840.3
38.9+3.8 (y, = 7.4) 5.60.7
0.3 mmol a-Cy: 10%Er@Syy
(dsyp = 10.240.7) + 2.4 mmol 36.142.3 2.340.1
NaTFA + 2.4 mmol YTFA
0.3 mmol a-Cy: 10%Er@Syy
(dsyp = 13.14£0.7) + 2.5 mmol 421421 2.440.1
NaTFA + 2.5 mmol YTFA
a-Cy: L0%Er@Sy@Sy,@Sy  0-3 mmol NaYF,:10%Er +0.2 33.8+1.7 dsyy = 1.140.1
(0.6) mmol NaTFA/YTFA —»
4.2 (4.5) mmol NaTFA/YbTFA
—52.6 (3) mmol NaTFA/YTFA 36.5+2.3 dsy; =2.3+0.2

1 same dosage of different precursors was adopted for synthesis of B-Cy: 20%Yb, 2%Er@Sy,
Li-Cy: 20%Yb, 2%Er@Li-Sy, a-Cy: 20%Yb, x%Tm@Sy, o-Cyy: 30%Tb@Sy, a-Cy: 20%YDb,
2%Tm, 10%Er@Sy, and a-Cv: 20%Yb, 2%Tm, 30%Th@Sy NPs.

2 Same dosage of different precursors was adopted for synthesis of B-Cv: 10%Er@Sy,@Sy, Li-Cy:
10%Er@Li-Sy,@Li-Sy, 0-Cy: X%Tm@Sy,@Sy, and a-Cy: 30%Th@Sy,@Sy NPs.
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Supplementary Table 2. Fitting results of the decay curves at 407 nm (Supplementary
Fig. 16a) for o-NaYF;: Er (2-100mol%)@NaYbF,@NaYF, core-shell-shell
nanoparticles upon 980 nm irradiation.

Monitoring

Sample State nms) % n(ms) % R’ Tay (MS)?
2% 0.05 48.3 0.36 51.7 0.99 0.41
10% 0.77 100 0.99 0.77
30% Er¥: 0.83 100 0.99 0.83
50% "Hg—"l15 0.18 76.1 0.26 23.9 0.99 0.44
70% 0.08 80.3 0.14 19.7 0.99 0.22

100% 0.07 100 0.99 0.07

'Possibly arise from ion-ion interactions that produce nonradiative decay pathways.

2The average lifetime (z,,) can be calculated using z, = >A; 2I> Az, where A, is the pre-exponential
for lifetime ;.
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Supplementary Table 3. Upconversion quantum yields of different lanthanide-doped

materials .
Power
Sample Size (nm) QY (%) density  Ref.
(W/cm?)
a-NaYF,;:20%Yb,2%Er@NaYF, 32.0+25 0.61+0.20 45
a-NaYF,:10%Er@NaYbF,@NaYF, 322422 5.42+0.43 4.5
o-NaYFa10%Er@NaYDR@NaYFe 000y 58 6344048 45
(dsy = 5.6£0.7 nm)
B-NaYF,:10%Er@NaYbF,@NaYF, 26.144.3 x 5.08+0.39 4.5
37.243.9
B-NaYF,:10%Er@NaYbF,@NaYF, 31.94.3 6.82+0.50 45
a-NaYF,:2%Er@NaYbF,@NaYF, ~32 0.3740.02 45
a-NaYF,:30%Er@NaYbF,@NaYF, ~32 2.5040.11 45
a-NaYF,;:50%Er@NaYbF,@NaYF, ~32 3.1640.15 45 _
a-NaYF,:70%Er@NaYbF,@NaYF, ~32 2.0140.13 45 \Tvzlrsk
a-NaErF,@NaYbF,@NaYF, 32.8+2.4 0.3640.02 45
o-NaYF;10%Er@NaYF,@NaYbr,@NaYF, 33.8+1.7 3.00+0.32 45
o-NaYF;10%Er@NaYF,@NaYbr,@NaYF, 36.5+2.3 1.23+0.40 45
LiYF410%Er@LiYbF,@LiYF, 238:12.4 0.9040.13 45
39,744 4
LiYF4:20%Yb, 2%Er@LiYF, 231228 0.2340.02 4.5
x38.444.5
a-NaYF,:8% Tm@NaYbF,@NaYF, ~32 0.48+0.04 45
0-NaYF,;:20%Yb,0.5% Tm@NaYF, ~32 <0.1 45
0-NaYF,:30%Th@NaYbF,@NaYF, ~32 <0.1 45
o-NaYbF,;Tb@NaYF, ~32 <0.1 4.5
B-NaYF,:18%Yh,2%Er@NaYF, 19.9+41.1 2.1140.72 45
B-NaYF,:18%Yh,2%Er@NaYF, 22 ~2 4~5 8
B-NaGdF,:22%Yb,2. 5%Er@NaYF, 20.1 0.890.05 50 11
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B-NaYF4:18%Yh,2%Er@NaYF, 30 0.3 unknown 12

unknown

B-NaYF,:18%Yh,2%Er@NaYF, 38 1.83 13
(2w)
B-NaYF,: 33%Yb, 5%Er@NaLuF, 49.8 4.0+0.5 63 14
B-NaYF,:20%Yh,2%Er @NaYF, 29.1+1 5.0340.60 120 3
B-NaYF,@NaYbF,:8%Er@NaYF, 29.4+1.2 5.42+0.45 120 3
B-NaErF,@ NaYF, 19.7 0.17 unknown 13
4 4 . . (2W)
B-NaErF,@ NaYF, 38 5.2+0.3 10 15

“All a-NaYF,;A@NaYbF,@NaYF, UCNPs have similar structure with dsy, ~ 8.3 nm and dsy ~
2.3 nm if not specified; all a-NaYF;:Yb,A@NaYF; UCNPs have similar structure with dsy ~ 10.5
nm. There is a large variation in the dsy, and dsy of B-NaYF4Er@NaYbF,@NaYF,; UCNPs due
to uncontrollable growth of B-NaYbF, shell in this work.

““Lower than the detection limit of our spectroscopy.

“"UC process: Excited-state absorption.
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Supplementary Table 4. Detailed dosage of precursors for synthesis of

core-shell-shell-shell NPs.

Sample Core S1 S2 S3
0-Cy: 1 mmol 0.3 mmol 0.3mmol 0.3 mmol Cy:
2%TMm@Sy,@Sy: NaTFA+0.98 Cy:i2%Tm+4  Cy2%Tm@Svy, +0.7 2% Tm@Sy,@Sy:
10%Er@Sy mmol YTFA+ mmol NaTFA mmol NaTFA + 10%Er + 2.4
0.02 mmol + 4 mmol 0.63mmol YTFA + mmol NaTFA +
TmTFA YbTFA 0.07mmol ErTFA 2.4 mmol YTFA

%same dosage of different precursors was adopted for synthesis of o-Cy: 2%Tm@Sy,@Sy:
30%Th@Sy NPs.
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