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Enhanced two-step two-frequency upconversion

luminescence in a core/shell/shell nanostructuref
Dongcheng Han, (2 ° Shizhi Yang,**® Qiang Zhao,*“ Liangliang Zhang® and
Yan Deng

Hexagonal-phase NaYF4:Er@NaGdF,4:Yb@NaYF4:Er core/shell/shell upconversion nanoparticles (UCNPs)
were synthetized using the solvothermal method and first applied in enhancing two-step two-frequency
upconversion luminescence (TSTF UCL). In comparison to NaYF4:0.5%Er UCNPs, the UCL intensities and
contrast of NaYF4:0.5%Er@NaGdF4:2%Yb@NaYF4:1%Er UCNPs under 850 & 1550 nm excitation increase
by about 3.4 and 2.8 times, respectively. By analyzing the TSTF UCL processes, the amplified UCL was
mainly attributed to the reduction of surface quenching and the improvement of 1550 nm absorption.
The designed nanostructure provides a novel strategy for studying the mechanism of TSTF UCL and
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Introduction

Rare-earth (RE)-doped two-step two-frequency upconversion
(TSTF-UC) materials have attracted great interest owing to their
unique process in which invisible near-infrared light at two
different wavelengths is absorbed sequentially and afterwards
converted to visible light'™* (Fig. 1), which is now being
explored for its potential use in 3-D displays,>™" lasers,'>™*
solar cells'>™” and super resolution fluorescence imaging.'® In
particular, these materials with high transparency and bright-
ness make them suitable for volumetric 3-D display.

As early as the 1920s, TSTF UCL performance was first dis-
covered by chance."”” However, owing to technique limitation,'*>*
the TSTF-UC materials were difficult to apply to a 3-D display. Zito
et al. were the first to achieve volumetric 3-D displays in a mercury
vapor host material in 1962.>* Since then, diverse gaseous host
materials have been demonstrated to be capable of 3-D
displays.>>>” Compared with gaseous host materials, RE-doped
transparent bulk materials could not only provide spatial voxels
but also a real physical space, so people would like to achieve a
volumetric 3-D display with these materials. In 1964, Brown et al.”
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would drive the adoption of UCNPs in a volumetric three-dimensional (3-D) display field.

applied for the first volumetric 3-D display patent based on
fluoride crystals doped with Tm**, Yb**, and Ho". Since then,
numerous TSTF-UC fluoride crystals have been gradually used
for volumetric 3-D displays.”**° Particularly, Downing et al.°
successfully presented a three-color 3-D display derived from
Er’*, Tm®" and Pr** singly-doped fluoride glass under the simul-
taneous excitation of two intersecting laser beams, which was
considered the greatest achievement of the physics in 1996.
Afterwards, a research boom in RE-doped fluoride glass for 3-D
displays has been established in China. For example, Hou, Chen
and Sun et al. studied and optimized the TSTF UCL performances
of RE-doped fluoride glasses and analyzed their application
prospects in volumetric 3-D displays.*’

However, fluoride glasses doped with RE** ions are always
accompanied by deep colors and poor UCL contrast, which may
lead to an impure 3-D color display and low resolution.** In
addition, restricted by the growth process, providing a large
and perfect fluoride crystal is not easy.>®> Compared with
RE-doped fluoride glasses, transparent colorless fluoride nano-
particle solutions can be more easily prepared. To obtain larger
and higher resolution images, nanoparticle solutions are the
better choice for a volumetric 3-D display. With the maturity of
the fluoride nanoparticle synthesis process, recently, RE-doped
UC fluoride nanoparticles with designed multilayer core/shell
structures were employed as a full-color 3-D display material
with high resolution by Deng et al®® The 3-D display was
achieved by moving the overlapped focal point of the 808 nm
C.W. beam and 980 nm pulse beam within the volume of the
NaYF,:Nd/Yb@NaYF,:Yb/Tm@NaYF,@NaYF,:Yb/Ho/Ce@NaYF,
nanoparticles. They overcame the problem of the low resolution
of 3-D images caused by using RE-doped fluoride glasses as the
3-D display media. However, Deng presented a 3-D display

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the TSTF process.

based on single-frequency multiphoton UCL, which cannot
present dynamic and complex 3-D images. Therefore, it is
necessary to develop RE-doped TSTF UCNPs as volumetric
3-D display materials to obtain better 3-D images.

Many excellent studies on TSTF UCNPs have been reporte
For example, Chen et al®’ demonstrated that enhanced UCL
intensity in NaYF,:1%Er nanoparticles was achieved by 790 &
1520 nm excitation. Li et al*® demonstrated that enhanced red
emission in Gd,MoOg:Er/Yb nanoparticles co-doped WO4*~ and
La®" was achieved by 980 & 1550 nm excitation. Guo et al.** showed
that enhanced emission intensity in GdVO,:Yb/Er nanoparticles
doped with Lu*, Y*" and PO,’>” ions was achieved by 980 &
1550 nm excitation. However, TSTF UCNPs often suffer from low
luminescent efficiency,”** attributed to concentration quenching
and surface defects,”>>° which partly restrict further applications in
the 3-D display. To enhance UCL efficiency, many approaches,
such as doping sensitizers, fabricating core/shell structures, and
changing the hosts, have been widely studied.”** In particular,
by designing core/shell structure, Chen et al.>®> improved the UC
quantum yield to 5% in LiLuF,:Yb/Er@LiLuF, UCNPs. Chen
et al®® remarkably improved the UCL of Ln*'-doped nano-
particles in NaGdF,:Yb@NaYF,:Yb/Er@NaGdF,:Yb UCNPs.

In this study, a novel strategy is first described to improve
TSTF UCL intensities and contrast via a designed core/shell/
shell nanostructure. Er**-doped NaYF, was used as the lumi-
nescent core and outer luminescent shell, and Yb*'-doped
NaGdF, was used as the inner active shell. By characterization,
we can conclude that controlling the distribution of Yb*" and
Er*" ions can serve two purposes: (a) to protect the UCNPs from
surface quenching and (b) to improve the absorption of
1550 nm. Through these two ways of enhancing TSTF UCL
performances, clear volumetric 3-D images were achieved in
NaYF,:Er@NaGdF,:Yb@NaYF,:Er UCNPs solution under 850 &
1550 nm excitation.

d 37-41

Experimental section

Materials

YCl;-6H,0  (99.99%), GdCl;xH,O (99.99%), YbCl,-6H,0
(99.9%), ErCl;-6H,0 (99.9%), NaOH (98%), NH,F (98%), oleic
acid (OA, 90%), and 1-octadecene (ODE, 90%) were purchased
from Sigma-Aldrich (Shanghai, China). Ethanol, cyclohexane,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and chloroform were purchased from Sinopharm Chemical
Reagent Co. (Shanghai, China). All the chemical reagents were
used as received without further purification.

Synthesis of TSTF core/shell/shell UCNPs

The UCNPs were prepared by applying a solvothermal method.>”>®

The core/shell/shell UCNPs were prepared using a layer-by-layer
epitaxial growth method.”>®® NaYF,:0.5%Er UCNPs were first
prepared and then covered by NaGdF,:2%Yb and NaYF,:1%Er
shell gradually (Fig. 2).

Synthesis of NaYF,:0.5%Er UCNPs

In a typical experiment, ErCl;-6H,O (0.005 mmol), YCl;-6H,O
(0.995 mmol), 6 mL OA and 15 mL ODE were mixed into a
50 mL flask. The mixture was heated at 150 °C under argon flow
for 30 min. After cooling to 50 °C, 10 mL of methanol solution
containing 4 mmol NH,F and 2.5 mmol NaOH was added, and
the solution was vigorously stirred for 1 h. Then, the slurry was
slowly heated and kept at 100 °C for 10 min to remove
methanol. Next, the solution was heated to 305 °C and main-
tained for 1 h. The resulting UCNPs were precipitated out by the
addition of ethanol, collected by centrifugation, washed with a
mixture of cyclohexane and absolute ethanol solvent several
times, and redispersed in 4 mL chloroform.

Synthesis of NaYF,:0.5%Er@NaGdF ;:2%Yb UCNPs

YbCl;-6H,0 (0.02 x 0.5 mmol), GACl;-6H,0 (0.98 x 0.5 mmol),
6 mL OA and 15 mL ODE were mixed into a 50 mL flask. The
mixture was heated at 150 °C under argon flow for 30 min. After
cooling down to 50 °C, 10 mL methanol solution containing
4 mmol NH,F and 2.5 mmol NaOH was added along with the
as-prepared NaYF,;:0.5%Er UCNPs in 4 mL chloroform; the
solution was vigorously stirred for 1 h. Then, the slurry was
slowly heated and kept at 100 °C for 10 min to remove
methanol. Next, the solution was heated to 305 °C and main-
tained for 1 h. The resulting core/shell UCNPs were precipitated
out by the addition of ethanol, collected by centrifugation,
washed with a mixture of cyclohexane and absolute ethanol
solvent several times, and redispersed in 4 mL chloroform.

Synthesis of NaYF,:0.5%Er@NaGdF,:2%Yb@NaYF,:1%Er
UCNPs

The procedure for preparing core/shell/shell UCNPs is the same
as that for core/shell. The as-prepared core/shell UCNPs in 4 mL
chloroform are used as seeds to induce subsequent epitaxial
growth of an additional shell provided by ErCl;-6H,O ((0.01 X
0.8 mmol) and YCl3-6H,O (0.99 x 0.8 mmol). The resulting
core/shell/shell UCNPs were dispersed in 4 mL of chloroform
before characterization.

Epitaxial growth Epitaxial growth

Fig. 2 Schematic procedure for the synthesis of core/shell/shell UCNPs.

c NaGdF:2%Yb
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Characterization

The phase structure of the as-prepared UCNPs was investigated
using an X-ray diffractometer (XRD; Bruker D8 Advance, LynxEye
detector; Rigaku SmartLap, Japan) under Cu Ko radiation (4 =
1.5406 A) performing at 40 kv and 40 mA. The morphology and
size of the as-prepared UCNPs were characterized by applying a
transmission electron microscope (TEM; Hitachi HT7700 Exalens,
Tokyo Japan) and scanning electron microscope (SEM; Hitachi
SU8010, Tokyo, Japan). The photoluminescence quantum yield of
the as-prepared UCNPs was measured using the visible-near-
infrared absolute photoluminescence quantum yield test system
(PLQY; €9920-02, Hamamatsu Japan). UC emission spectra were
measured by employing an Aurora4000 spectrofluorometer
under excitation by 850 and 1550 nm laser sources. The
850 nm laser power is maintained at 0.2 W, and the 1550 nm
laser power is maintained at 0.2-2.23 W. All spectral measure-
ments were performed at room temperature.

Results and discussion

A novel strategy of designed core/shell/shell nanostructure was
employed to enhance the TSTF UCL intensities and contrast, as
shown in Fig. S1 (ESI). Er**-doped hexagonal NaYF, was chosen
as the host lattice of the luminescent core and outer lumines-
cent shell because of its low phonon energies (<400 cm ™), low
non-radiative decay rates and high radiative emission rates,
which can provide high UC efficiency.®* Yb**-doped hexagonal
NaGdF, was chosen as the host lattice of the inner active shell
for the following reasons: (a) confirmation of the successful
formation of core/shell/shell structure easily. Owing to the
difference in the atomic number between Gd** (Z = 64) and
Y** (Z = 39), high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) can be adopted to
identify bright inner shells using image contrast. Furthermore,
Gd*" ions can be detected using the energy dispersive spectro-
meter (EDS) and the electron energy loss spectrum (EELS) line
scan to confirm the successful formation of core/shell/shell
structure. (b) Decreasing the average crystallite size of core/shell
UCNPs contributes to outer shell cladding, and promoting the
phase transition from cubic to hexagonal enhances UCL
intensities.®* To illustrate that the choice of NaGdF, as the host
lattice of the inner shell could improve UCL intensities, the UC
emission spectra of NaYF,Er@NaGdF,:Yb@NaYF,:Er and
NaYF,:Er@NaYF,:Yb@NaYF,:Er UCNPs under 850 & 1550 nm
and 1550 nm excitation were measured in Fig. S2 (ESIT).
Compared with NaYF,:Er@NaYF,:Yb@NaYF,:Er, the UCL inte-
gral intensities of NaYF:Er@NaGdF,:Yb@NaYF,:Er are greater
owing to its purer hexagonal phase, which agrees with the result
reported in the literature.®

Fig. 3 shows the crystal phase of the as-prepared core, core/
shell and core/shell/shell UCNPs by applying XRD. All the XRD
patterns of these samples match well with the standard
JCPDS No. 16-0334 pattern of B-NaYF, and JCPDS No. 27-0699
pattern of Bf-NaGdF,, and no significant impurity peaks were

190 | Mater. Adv, 2023, 4, 1188-1195
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Fig. 3 XRD patterns of NaYF4:0.5%Er,
NaYF4:0.5%Er@NaGdF4:2%Yb@NaYF4:1%Er UCNPs and standard date of
B-NaYF4 (JCPDS No. 16-0334) and B-NaGdF, (JCPDS No. 27-0699).
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detected, indicating that all samples belong to a hexagonal-
phase structure.

Fig. 4 shows the morphology and particle size of the
as-prepared UCNPs by employing TEM. In Fig. 4a, NaYF,:0.5%Er
UCNPs have a quasi-sphere morphology. These core UCNPs are
monodisperse and uniform with a mean size of 22.32 + 0.05 nm.
In Fig. 4b, the core/shell UCNPs show a uniform distribution with
a short rod-like shape with an average width of 22.98 + 0.07 nm
and a length of 23.59 £ 0.04 nm. As illustrated in Fig. 4c, the rod-
like shape of the core/shell/shell UCNPs dispersed well and
possessed a uniform width of 24.29 £ 0.06 nm and a length of
31.88 = 0.04 nm. The increasing size of the above UCNPs
indicates that NaGdF,:Yb and NaYF,Er shells were possibly
covered on the surface of NaYF,:1%Er UCNPs. Similar results
regarding the shape of the core, core/shell and core/shell/shell
UCNPs were also verified by applying SEM (Fig. S3, ESIt).

Considering the difference in atomic numbers between Y**
(Zz = 39) and Gd*' (Z = 64) in NaYF,@NaGdF,@NaYF, nano-
structure, HAADF-STEM was used to identify the core, core/shell
and core/shell/shell by image contrast. As shown in Fig. 5,
compared with NaYF,, a bright NaGdF, shell can be clearly
observed, which demonstrates the successful formation of core/
shell/shell nanostructure. The core/shell/shell UCNPs were ana-
lyzed by applying EDS and EELS line scans to confirm their
compositions (Fig. S4, ESIt). The detected Gd*" ions could also
provide solid proof of this core/shell/shell nanostructure.

As depicted in Fig. 6, the UC emission spectra under 1550 nm
and simultaneous 850 & 1550 nm excitation were shown, which
was measured to compare UCL intensities (/) and contrast of
as-prepared UCNPs. Here, the contrast is defined by Issogass0/1550,
where Igsoz1550 and I;550 represent the UCL integral intensities (from
500 to 700 nm). While maintaining the same doping concentration
of Yb*" and Er*" ions and changing the distribution position of
doping ions in different layers, we found that the UCL intensities
Igsogasso and 1550 of these core/shell/shell UCNPs varied significantly
(Fig. 6a and b). The TSTF UCL integral intensities Ig50g1550 are
described as follows: Er@Er@Yb > Er@Yb@Er > Yb@Er@Er.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the TEM images.
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Fig. 5 HAADF-STEM
1%Er UCNPs.

images of NaYF4:0.5%Er@NaGdF4:2%Yb@NaYF,:

The corresponding contrast of the above UCNPs is about 8.3,
13.5 and 3.4.

The possible reasons for the differences in the UCL intensities
and contrasts of the aforementioned UCNPs are as follows.

© 2023 The Author(s). Published by the Royal Society of Chemistry

According to FRET theory, within a certain distance, the energy
transfer efficiency from the luminescent center to the surface
defect is inversely related to the distance between each other,
namely the farther the distance is from the luminescent center to
the surface defect, the less energy loss and the higher UCL
intensity. Compared with the other two UCNPs, in Er@Er@Yb
UCNPs, the distance from Er*" ions located in the core and inner
shell to the surface defect is the farthest, and the TSTF UCL
intensity is the highest. In Yb@Er@Er UCNPs, the distance from
Er’" ions located in the inner and outer shell to the surface defect
is the closest, and the TSTF UCL intensity is the weakest. At
1550 nm excitation, the single-frequency UCL of Er@Yb@Er
UCNPs is mainly generated by NaYF,:0.5%Er core UCNPs, which
caused a weak UCL intensity. However, the single-frequency UCL
of Er@Er@Yb UCNPs is mainly generated by Er** ions in the core
and inner shell, which caused a strong UCL intensity, but a
decreased contrast.

The best UCL performances appeared in NaYF,:Er@NaGdF,:
Yb@NaYF:Er (Fig. 6c). By optimizing the doping ratio
of Er** and Yb*" ions in the above nanostructure, as shown in
Fig. S5 (ESIT), UCNPs with 0.5 mol% Er** in the core, 2 mol%

Mater. Adv,, 2023, 4,1188-1195 | 1191


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma01040b

Open Access Article. Published on 16 December 2022. Downloaded on 3/8/2026 5:52:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

12000

View Article Online

Paper

3000

1550 & 850 tati — -~ [_1] 850 & 1550 nm excitation|
(a) 0 nm exclation (b) tss0 m excitation| 3 1(€) = 1550 rm exciation

= 9000 — Er@Er@Yb -~ — Er@Er@Yb -
3 — Yb@Er@Er z 2000 — Yb@Er@Er %‘
~ ~ c L /l=13.5 L—
2 6000 2 [‘} 2
[ b c
c a \ £
] 2 1000 [ =34
£ 3000 = | =)

\ e

500 600 700 500 600 700 Er@Yb@Er Er@Er@Yb Yb@Er@Er
Wavelength (nm) Wavelength (nm)
12000 d 1550 & 850 nm excitation 1000 (e) 1550 nm excitation - (i) [C_1850 & 1550 nm excitation
( ) ——Er 800 Er z 11550 nm excitation
S 9000 ——Er@Yb 3 1 ——Er@Yb ;
3 Er@Yb@Er S 600 Er@Yb@Er = fall 13,8
~ ~ 1 c
2 6000 2 8
[} 2 4004 E lsles®52
& & [
£ 3000 £ %00 g [
=
0 = 0
500 600 700 500 600 700 Er Er@Yb Er@Yb@Er

Wavelength (nm)

Wavelength (nm)

Fig. 6 UC emission spectra of NaYF4:Er@NaGdF,:Yb@NaYF4:Er (Er@Yb@Er), NaYF4:Er@aNaGdF4:Er@NaYF,:Yb (Er@Er@Yb) and NaYF4:Yo@NaGdF,: Er@-
NaYF4:Er (Yo@Er@Er) UCNPs under (a) 850 & 1550 nm, (b) 1550 nm excitation. (c) The UCL integral intensities and contrast of the above core/shell/shell
UCNPs. (d) UC emission spectra of NaYF4:0.5%Er (Er), NaYF4:0.5%Er@NaGdF4:2%Yb (Er@Yb), NaYF4:0.5%Er@NaGdF4:2%Yb@NaYF,4:1%Er (Er@Yb@Er)
under (d) 850 & 1550 nm, (e) 1550 nm excitation. (f) The UCL integral intensities and contrast of the above core, core/shell, and core/shell/shell UCNPs.

Yb*" in the inner shell, and 1 mol% Er*" in the outer shell were
obtained, which exhibits the highest emission intensity and
contrast (Fig. 6d and e). In the case of excitation at 850 &
1550 nm, the UCL intensity and contrast of NaYF,:0.5%Er@
NaGdF,:2%Yb@NaYF,:1%Er UCNPs were about 3.4 and 2.8 times
higher than those of NaYF,:0.5%Er, respectively (Fig. 6f). These
results show that the designed core/shell/shell nanostructure
significantly enhances TSTF UCL intensities and contrast.

To describe the good performance of the core/shell/shell
nanostructure that we designed, a series of measurements were
carried out. First, the emission spectra of NaYF,:Er and NaY-
F4:Yb,Er UCNPs were measured to compare their TSTF UCL
intensities and contrasts. As shown in Fig. S6a-c (ESIT), with an
increase in Yb*" ion concentration, the UCNPs exhibited higher
UCL intensity and lower contrast. In addition, the calculated
quantum yields (QY) of core, core/shell and core/shell/shell
UCNPs under 1550 nm excitation are 1.73 x 10~%, 1.11 x 10~
and 4.58 x 10 %, respectively. The changed QY of the as-prepared
UCNPs corresponds to the designed nanostructure. With

NaGdF,:Yb shell coated, the enhanced UCL intensity in core/
shell UCNPs maybe due to the reduction of surface defects and
the improvement of absorption at 1550 nm. After NaYF,:Er shell
coating, the enhanced UCL contrast in core/shell/shell UCNPs is
mainly caused by improving 1550 nm absorption. Finally, we
measured the UCL spectra of NaYF,:Er@NaGdF,:Yb@NaYF,:Er
and NaYF:Er@NaGdF,:-Yb@NaYF, UCNPs (Fig. S6d and e, ESI).
The result shows that inactive NaYF, shell coated onto the
NaYF,:Er@NaGdF,:Yb core/shell UCNPs could improve the UCL
performance, and the designed nanostructure exhibits better
performance. Designing the sensitizer and activator ions in
separate layers obtained enhanced UCL intensity and improved
contrast.

Under the excitation of an 850 nm laser, no single-frequency
UCL was detected in the as-prepared UCNPs. Fixing the 850 nm
excitation power at 0.2 W, the 1550 nm laser excitation power
gradually increased from 0.2 W to 2.23 W. The TSTF UCL
spectra were measured at different 1550 nm excitation powers
(Fig. S7a—c, ESIT). As demonstrated in Fig. 7a, it could be observed

30
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(a and b) The pump power dependence of UCL integral intensities of NaYF4:0.5%Er@NaGdF4:2%Yb@NaYF4:1%Er UCNPs on 1550 nm laser power.

(c) The pump power dependence of UCL contrast on 1550 nm laser power. The 850 nm laser power is maintained at 0.2 W.
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that the UCL integral intensities Ig50z1550 Of Er@Yb@Er UCNPs
were enhanced with increasing pump power (P, 0.2-1 W). In
addition, the UCL contrast was also enhanced with increasing
pump power (0.2-0.8 W) (Fig. 7c). The result of I oc P*%
suggests that the emissions under 1550 nm excitation were a
single-photon process when the 850 nm excitation power was
fixed (Fig. 7b). Therefore, the UC emission was a two-photon
process at the excitation of 850 & 1550 nm.

Fig. 8 illustrates the possible energy transfer process of
Er@Yb®@Er UCNPs excited simultaneously by 850 & 1550 nm.
There are two possible pathways for UC emission enhancement;
in the pathway @, Er** ions distributed in the core and outer
shell are first promoted from the *I,5, state to I3/, state by the
1550 nm excitation, then pumped to *S;, state by 850 nm
excitation, and finally returned to state “I;5,, emitting green
TSTF UCL. Additionally, the introduction of the inner shell
reduces the surface defect concentration, decreases the energy
transfer probability from Er*" to surface defects and enhances
the UCL intensity. In pathway @, Yb** ions doped in the inner
shell played a significant role in promoting the absorption of
1550 nm excitation. The new processes could be described as
M2 (EPY) + ’Fypn (YDPY) — s (Er'Y) + %Fsp (YD), “Lisp
(EI‘3+] i 2F5/2 [Yb3+) 5 4111/2 (Er3+) n 2F7/2 (Yb3+), 4111/2 (Er3+) 5
1372 (Er*"). These Er*" — Yb** — Er** energy transfer processes
increase the population of *I;3, (Er*") level, thereby harvesting
the absorption of 1550 nm.

The emission time-decay curves of 542 nm UC emission for
the C, C@S and C@S@S UCNPs were measured at the excita-
tion of 1550 nm. (Fig. S8, ESIT). The corresponding lifetimes of
possible energy transfer processes @ and @ are 7; and 7,,
respectively. With NaGdF,:Yb and NaYF,:Er shells covered,
the lifetime 7, and 7, of 542 nm UC emission increased, which
was mainly due to the reduction of energy transfer between Er**
ions and surface defects. The doped Yb*" ions harvest the
absorption of 1550 nm (Fig. S9, ESIT). The results agreed well
with the assumed transition processes.

Fig. 9a, b and c show the TSTF UCL photographs of
core/shell/shell UCNPs solution. Excited by 850 & 1550 nm,
the green TSTF UC emission can be detected in NaYF,:0.5%Er
UCNPs (Fig. 9a). After the NaGdF,:Yb shell is covered, the

% Shell
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Shell
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Fig.9 The TSTF UCL photographs of (a) NaYF4:0.5%Er, (b) NaYF,:
0.5%Er@NaGdF4:2%Yb and (c) NaYF4:0.5%Er@NaGdF4:2%Yb@NaYF4:1%Er
UCNPs. 3-D image of (d) triangular pyramid, (e) sphere and (f) hollow
dodecahedron of NaYF4:0.5%Er@NaGdF4:2%Yb@NaYF4:1%Er UCNPs
under 850 & 1550 nm excitation.

NaYF,:0.5%Er@NaGdF,:2%Yb UCNPs possess a higher UC
emission (Fig. 9b). Inspiringly, the strongest UCL was observed in
resulting  NaYF,:0.5%Er@NaGdF,:2%Yb@NaYF,:1%Er UCNPs
(Fig. 9c). The enhanced UCL of these UCNPs is consistent with
their emission spectra shown in Fig. 6d, significantly supporting the
strategy of enhancing TSTF UCL by core/shell/shell nanostructure.

For further application in a 3-D display, a confirmatory experi-
ment was carried out. As shown in Fig. 9d-f, the triangular
pyramid, sphere and hollow dodecahedron 3-D images with
high resolution were successfully displayed in the as-prepared
core/shell/shell UCNPs solution. Moreover, under the same
experimental conditions, the Er@Yb@Er and Er@Er@Yb UCNPs
with different contrasts were used to display the same 3-D cube
(Fig. S10, ESIf). Compared with Er@Er@Yb UCNPs, the higher
contrast Er@Yb@Er UCNPs had a better display effect, reasonably.
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Fig. 8 Schematic illustration of possible energy transfer processes in the core/shell/shell nanostructure.
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The above 3-D images demonstrate the great prospects of core/
shell/shell UCNPs in the volumetric 3-D display.

Conclusions

In conclusion, a designed core/shell/shell (Er@Yb@Er) nano-
structure was employed to enhance TSTF UCL performance.
After optimizing the doping ratio of Er** and Yb®" ions in this
nanostructure, UCNPs with 0.5 mol% Er** in the core, 2 mol%
Yb*" in the inner shell and 1 mol% Er** in the outer shell
exhibited enhanced TSTF UCL performance. In the case of
excitation at 850 & 1550 nm, the UCL intensity and contrast of
core/shell/shell UCNPs were about 3.4 and 2.8 times higher than
those of core UCNPs. This designed nanostructure protects the
UCNPs from surface quenching and reduces the concentration
quenching of Er** ions. In particular, the doped Yb*" ions play a
promoting role in raising the absorption of 1550 nm. This
designed core/shell/shell nanostructure could provide new
insights into enhancing TSTF UCL performance and could offer
potential applications in the volumetric 3-D display.
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