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1. Introduction

Tunable upconversion of holmium
sublattice through interfacial energy transfer for
anti-counterfeitingt

Rong Huang,” Songbin Liu, Jinshu Huang,” Huiming Liu,” Zhiyong Hu,? Lili Tao ©*°
and Bo Zhou @ *2

Photon upconversion is a fascinating phenomenon that can convert low-energy photons to high-energy
photons efficiently. However, most previous relevant research has been focused on upconversion
systems with a sufficiently low lanthanide emitter concentration, such as 2 mol% for Er** in an Er-Yb
coupled system. Realizing the upconversion from lanthanide heavily doped systems in particular, the
emitter sublattice is still a challenge. Here, we report a mechanistic strategy to achieve the intense upcon-
version of the holmium sublattice in a core—shell-based nanostructure design through interfacial energy
transfer channels. This design allowed a spatial separation of Ho>* and sensitizers (e.qg., Yb**) into different
regions and unwanted back energy transfers between them could then be minimized. By taking advan-
tage of the dual roles of Yb>* as both a migrator and energy trapper, a gradual color change from red to
yellowish green was achievable upon 808 nm excitation, which could be further markedly enhanced by
surface attaching indocyanine green dyes to facilitate the harvesting of the incident excitation energy.
Moreover, emission colors could be tuned by applying non-steady state excitation. Such a fine-tunable
color behavior holds great promise in anti-counterfeiting. Our results present a facile but effective con-
ceptual model for the upconversion of the holmuim sublattice, which is helpful for the development of a
new class of luminescent materials toward frontier applications.

intrinsic behavior of photoluminescence would help gain much
deeper insights into the mechanism of luminescence and

As a special class of luminescent materials, rare-earth-doped
nanoparticles have excellent upconversion properties with a
narrow emission bandwidth, long fluorescence lifetime, and
high chemical stability,"® and have shown great promise in bio-
logical imaging,'®™"® therapy,'* display,”” anti-counterfeiting,'®
information security,"”'® and lasing.'®*° To date, upconversion
emission bands covering a broad spectral range from visible to
ultraviolet have been achieved in lanthanide-doped materials.
However, in these materials, lanthanide emitters are usually low
enough to depress the concentration effect, such as 2 mol% of
Er’" in Er’’-Yb*" codoped nanoparticles. Research on the
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further contribute to the versatile frontier applications. Thus
far, realizing upconversion in heavily doped systems and in par-
ticular in the emitter lattice has remained a challenge.

Recently, some efforts have been devoted towards research
in this field. One typical progress is the synthesis of the
NaErF, sublattice,” >* which showed intense red upconver-
sion emission under infrared excitation. This result further
allowed orthogonal excitation-emission output through a
multi-layer core-shell structure design, showing potential
applications in security.>*">® Recently, an 8 mol% Tm>*" dopant
concentration with intense upconversion was also achieved by
utilizing ultrahigh pump power densities (e.g,, ~10° W
em?).>® Besides, the optimal concentration of Nd** in NaYF,:
Nd was shifted from 2 to 20 mol% by modification with indo-
cyanine green (ICG) dyes.>® We also observed effective upcon-
version from NaYbF,:Tb(30 mol%)@NaYF, nanoparticles
using the sensitizing ytterbium lattice as the host.** These
observations suggest that it is highly desirable to achieve
upconversion from a lanthanide sublattice, which is not only
of significance for fundamental research but also beneficial to
the diversities of frontier applications.

This journal is © The Royal Society of Chemistry 2021
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Holmium(Ho)-based materials are also promising candi-
dates for luminescence because of their capability in produ-
cing green and red emissions as well as other functional
properties.>”*** Due to the lack of matched energy levels,
Ho®" is non-responsive to commonly used 980 or 808 nm
lasers. This means that the activation of the Ho sublattice
needs a sensitizer, such as Yb*" under 980 nm excitation or
Nd*" under 808 nm excitation. However, a codoping scheme of
the sensitizer in the Ho sublattice would inevitably reduce the
concentration and cause a deleterious interaction (Fig. 1a). In
particular, back energy transfer channels (e.g., BET1 and BET2
in Fig. 1a) from the emitting energy levels of Ho®" to the sensi-
tizer Yb®>" would severely quench the emission. Recent works
have suggested that a spatial separation of emitters and sensi-
tizers would be a rational solution to this issue and could keep
the holmium lattice unchanged and also enable the lumine-
scence property.>> Also, construction of interfacial energy
transfer in nanostructures has been demonstrated to be an
effective strategy to enable upconversion and a fine-tuning of
the upconversion dynamics.***® Therefore, a rational design
of the holmium sublattice would be highly desired for its
intense upconversion as well as to allow smart manipulation
of the upconversion dynamics.

Herein, we propose a mechanistic core-shell design using
interfacial energy transfer (IET) to enable the upconversion as
well as a color tuning of the Ho lattice (Fig. 1b). This design
consisted of a holmium lattice core and a sensitizing shell
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Fig.1 (a) Left: Schematic of the deleterious quenching interactions
between Ho®* and the sensitizer S (e.g., Yb®*) in a codoping system, in
particular at high dopant concentrations. Right: Two typical back energy
transfer processes (BET1 and BET2) that may quench the red and green
emitting energy levels of Ho®>* for a Ho**/Yb®** codoped system. (b)
Proposed mechanistic model (left) and possible ionic interactions (right)
when using interfacial energy transfer to activate the holmium sublattice
toward the upconversion in a core—shell-shell nanostructure in which
the activator and sensitizer are spatially separated into different layers.
ETU, BET, IET, and CR stand for energy transfer upconversion, back
energy transfer, interfacial energy transfer, and cross-relaxation,
respectively.
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layer to harvest the incident irradiation energy, and it could
effectively reduce the unwanted interaction between Ho*" and
the sensitizer by spatially separating them into different
regions, only leaving the possibility for interfacial energy trans-
fers with enhanced upconversion. By additionally introducing
Nd*" as the sensitizer, it also allowed the use of 808 nm exci-
tation wavelength. Moreover, a smart control of the Ho**-Yb**
interactions in the proposed core-shell-shell nanostructure
further led to a gradual color change from red to yellowish
green under non-steady state excitation, which shows great
promise for application in anti-counterfeiting. Details of the
ionic interactions are also discussed. Our results present a
simple but effective conceptual model for the activation of the
holmium lattice with intense upconversion performance, and
should further contribute to the development of a new class of
luminescent materials toward versatile frontier applications.

2. Experimental
Materials

The chemicals, including holmium(ur) acetate hydrate (99.9%),
ytterbium(m) acetate hydrate (99.99%), yttrium(m) acetate
hydrate (99.9%), neodymium(m) acetate hydrate (99.9%),
erbium(im) acetate hydrate (99.9%), thulium(m) acetate hydrate
(99.9%), oleic acid (OA, 90%), 1-octadecene (ODE; >90%), and
cyclohexane, were purchased from Sigma-Aldrich. Ammonium
fluoride (NH,F; >98%) and sodium hydroxide (NaOH; >98%)
were purchased from Alfa Aesar. Ethanol was purchased from
Aladdin Company. All the reagents were used without further
purification.

Synthesis of nanoparticles

Synthesis of NaHoF, core nanoparticles. The NaHoF, core
nanoparticles were synthesized via a co-precipitation chemical
method. In a typical synthetic process, an aqueous solution of
Ho(CH;CO,); was added into 50 mL flask containing oleic acid
(5 mL) and 1-octadecene (5 mL). The obtained mixture was
stirred at low speed and heated at 150 °C for 1 h to form the
lanthanide oleate complex before cooling down to room temp-
erature. Subsequently, a methanol solution containing NaOH
(1 mmol) and NH,F (1.6 mmol) was added into the cooled pre-
cursor at 50 °C and stirred at fast speed for 40 min and then
heated at 290 °C under an argon flow for 1.5 h. The resulting
core nanoparticles were collected by centrifugation, washed with
ethanol, and finally dispersed in cyclohexane for further use.

Synthesis of NaHoF,@NaYbF, core-shell nanoparticles. The
shell precursor was first prepared by the same method as
before. The water solution of Yb(CH;CO,); was added into
50 mL flask containing oleic acid (3.3 mL) and 1-octadecene
(6.7 mL). The obtained mixture was stirred at low speed and
heated at 150 °C for 1 h to form the lanthanide oleate complex
before cooling down to room temperature. Then the as-syn-
thesized core-dispersed cyclohexane colloid was added into
the precursor at 85 °C for 30 min to remove cyclohexane and
then cooled down to the 50 °C. Subsequently, a methanol solu-

Nanoscale, 2021,13, 4812-4820 | 4813


https://doi.org/10.1039/d0nr09068a

Published on 26 February 2021. Downloaded on 11/6/2025 11:47:51 PM.

Paper

tion holding NaOH (0.5 mmol) and NH,F (0.8 mmol) was
added into the cooled precursor and stirred at fast speed for
40 min and then heated at 290 °C under an argon flow for
1.5 h. The resulting core-shell nanoparticles were collected by
centrifugation, washed with ethanol, and finally dispersed in
cyclohexane for further use.

Synthesis of NaHoF,@NaYbF,@NaYF, core-shell-shell
nanoparticles. The NaYF, shell precursor was first prepared by
the same method as before. The as-synthesized
NaHoF,@NaYbF,-dispersed cyclohexane colloid was added
into the precursor at 85 °C for 30 min to remove cyclohexane
and then cooled down to 50 °C. Subsequently, a methanol
solution containing NaOH (0.25 mmol) and NH,F (0.4 mmol)
was added into the cooled precursor and stirred at fast speed
for 40 min and then heated at 290 °C under an argon flow for
1.5 h. The resulting core-shell-shell nanoparticles were col-
lected by centrifugation, washed with ethanol, and finally dis-
persed in cyclohexane.

Synthesis of the control core, core-shell, and core-shell-
shell nanoparticles. The methods for the synthesis of the
control nanoparticles were identical to the above ones except
for the use of different raw materials as the corresponding pre-
cursors. The resulting samples were collected by centrifu-
gation, washed with ethanol, and finally dispersed in cyclo-
hexane for further use.

Production of the pattern for anti-counterfeiting. The
control upconversion nanoparticles, including NaErF,@NaYF,,
NaYF;:Yb/Ho(20/2 mol%)@NaYF,, and NaYF,;:Yb/Tm(30/
1 mol%)@NaYF,, were prepared in advance for the use of red,
green, and blue emission colors, respectively. The patterns were
prepared using a mixture of silicone and the corresponding
nanoparticles. In detail, the cherry pattern was prepared using
the NaHoF,:Yb(60 mol%)@NaYF, and NaHoF,@NaYF,:Yb
(20 mol%)@NaYF, nanoparticles. For the concealed numbers
2021, the initial number 2 was prepared by the NaYF,:Ho
(40 mol%)@NaYF,:Yb(60 mol%)@NaYF, core-shell-shell nano-
particles, and the others from left to right by the blue, red, and
green upconversion nanoparticles, respectively.

Characterization

Powder X-ray diffraction was performed on the samples using
a Philips Model PW1830 X-ray powder diffractometer with Cu
Ka radiation (1 = 1.5406 A). Low-resolution and high-resolution
transmission electron microscopy (TEM) measurements and
selected area electron diffraction patterns were performed on a
JEM 2100F TEM (200 kV). Elemental mapping was measured
by energy dispersive X-ray spectroscopy (EDS). The upconver-
sion emission spectra were collected by a Zolix spectrofluorom-
eter (OmniFluo990) equipped with 980 and 808 nm laser
diodes. The decay curves were measured using the same spec-
trofluorometer with a pulsed laser, and the lifetime values
were determined through fitting the decay curves by a single-
exponential equation: I = I,exp(—t/z), where I, is the initial
emission intensity at ¢ = 0 and 7 is the lifetime. The emission
photographs and pattern were taken by a digital camera with
an exposure time of 0.3 s.

4814 | Nanoscale, 2021,13, 4812-4820

View Article Online

Nanoscale

3. Results and discussion

Since the holmium lattice is non-responsive to the commonly
used 980 nm excitation wavelength, we first synthesized a
series of Yb’"-doped NaHoF, nanoparticles by a co-precipi-
tation method,'” where Yb®*" was used as the sensitizer. As
shown in Fig. 2a, these samples showed good nanoparticles
morphology with a monodisperse feature when the Yb*" con-
centration was under 40 mol%, while they exhibited irregular
shapes at much higher concentration. Besides, the average size
of the core increased with increasing the Yb**-doping concen-
tration (Fig. S1t), which might be due to the intrinsic limit of
the co-precipitation chemical method.>***** To reveal the
structure property, the X-ray diffraction (XRD) patterns were
measured. As shown in Fig. 2b, the XRD patterns presented a
constant variation from hexagonal to cubic phase with increas-
ing the Yb®" concentration in the nanoparticles.”> When the
dopant concentration was less than 70 mol%, the diffraction
peaks matched well with the standard card of hexagonal phase
NaHoF, (JCPDS-018-1253). In contrast, the cubic phase
appeared and became stronger with further lifting the Yb**
concentration, and when Yb** was 100%, it was nearly in the
pure cubic phase (JCPDS-077-2043). Moreover, the (110) diffr-
action peak (inset of Fig. 2b) showed a subtle shift to larger
angles, which could be attributed to the lattice shrinkage due
to the substitution of smaller radius Yb*" for that of Ho>".
Besides, the observation of narrower diffraction peaks
suggested an increase in the average size of the nanoparticles
with increasing the Yb®*" concentration, which is consistent
with the TEM results (Fig. 2a and Fig. S17).

The upconversion emission spectra of these NaHoF:Yb**
core nanoparticles are shown in Fig. 2c. The green upconver-
sion emission from the (°S,,’F,;) — °I transition dominated
the emission spectra, which showed an increase with increas-
ing Yb®" concentration (0-60 mol%). The emission spectra of
the samples with much higher Yb®* concentration were not
measured because of their poor morphology. The core-shell
nanoparticles were further prepared by growing an inert NaYF,
shell to improve the upconversion emission intensity
(Fig. S2t). As shown in Fig. 2d, the upconversion emission was
greatly enhanced compared to that of the core-only sample
(Fig. S37). Besides the green emission of Ho>", other typical
emissions at 486, 646, and 750 nm were observed, which were
due to the transitions (°F;,°F,,’Kg) — °Ig, °F5s — °I5, and
(°S,,°F,) = °1,, respectively. It was interesting to observe that
the emission output showed a gradual color change from red
to green as the Yb®" concentration increased from 5 to
60 mol% (Fig. 2e and Table S17). In contrast to the commonly
observed green upconversion in the regular core-shell nano-
particles, such as NaYF,:Yb/Ho(20/2 mol%)@NaYF, nano-
particles (Fig. S4at), the weak green upconversion at high Ho*
concentration might have originated from the cross-relaxation
processes of [(°S,,’F,); *Ig] — [*Ly; °1;] and [(°S,,°F,); °1;] = [°Fs;
°l¢], which could severely depopulate the green emission
energy levels (Fig. S4b1).*> Note that the red upconversion
emission in the core-shell nanostructure quickly rose up after

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0nr09068a

Published on 26 February 2021. Downloaded on 11/6/2025 11:47:51 PM.

Nanoscale

View Article Online

Paper

b o Low /T
[ ) PO mapNeHoF,| [ 0%, /)

b |, PR ol C|l—vos% . . . e” NaHoFs-Yb@NaYF,
. (5] At Yb:100% N | = ;3:? (FyS;)—=,
e TR 20% | | s0% ,j\m - =
L 80% " Z| 0%
[ ; S A 2| — 0%
@ M e 70% 40% \ 2| —60%
g ' oo% | | 4 - 5 %
= - S— OV 70 | ,4‘\ 5
= 9 30% 1\ j
3 =2 s0% | | 30% /1 N\ <3
Y w
E A e 40% d s 5
£ o | [20% /1! ™ ——10% 04
£ e e 30% ) 1 = b0%
= e 20% | | 10% /| 8| —30%
= ) ; 10% 2| ——40%
=—————s=Ls—— A B = n

5% 10% 20% 30% 40% 50 % 60 %

10 20 30 40 50 60 70 80 28 30 32
26(°) 26 (°)

400 450 500 550 600 650 700 O T ia U4 0% e 7 s

Wavelength (nm) ’ CIEx

Fig. 2 (a) TEM images of the NaHoF,:Yb** (0-100 mol%) core nanoparticles. (b) X-ray diffraction patterns of (a) samples. Inset shows the enlarged
(110) diffraction peak for the samples with the Yb** concentration from 0 to 60 mol%. (c and d) Upconversion emission spectra of the as-prepared
NaHoF4:Yb**(5-60 mol%) core only and NaHoF 4:Yb®*(5-60 mol%)@NaYF, core—shell nanoparticles under 980 nm excitation. (e) CIE coordinates of
the emissions from (d) samples. Insets show the corresponding emission photographs under 980 nm excitation.

growing the NaYF, inert shell, indicating that the red emission
energy level was more sensitive to the surface quenching than
the green emission energy level.

In order to check the possibility of our design being able to
improve the upconversion through the IET approach, we pre-
pared NaYF,:Ho(40 mol%)@NaYF,:Yb(60 mol%)@NaYF, core-
shell-shell nanoparticles with a spatial separation of Ho®>" and
Yb** in the core and interlayer, respectively (Fig. 3a,b; Fig. S5
and S6t). The core-shell-shell nanostructure was confirmed
by the size increase of the initial core nanoparticles after
growing the shell and shell-shell layers (Fig. S5bf). As dis-
played in Fig. 3c, the typical Ho®>" emissions were recorded.
More importantly, the total upconversion emission intensity
was markedly enhanced in contrast to the NaHOF,:Yb
(60 mol%)@NaYF, core-shell nanoparticles under identical
excitation condition, evidencing the effectiveness of our
design. The decrease in the 541 and 750 nm emissions may be
attributed to the cross-relaxation CR1 as shown in Fig. 1b.*
Note that the interfacial energy transfer was primarily confined
in the range of around 1.6-2.1 nm,*® whereby most of the Yb**
ions in the interfacial layer were able to participate in the
energy transfer to Ho>" in the core, and the Ho®" ions far away
from the interface could be activated through cross-relax-
ation.>® On the other hand, the cation intermixing effect could
not be taken into consideration due to the relatively low
synthesizing temperature.”® Further experiments indicated

This journal is © The Royal Society of Chemistry 2021

that the concentrations of Ho®" at 20 mol% and Yb*" at
60 mol% presented the best upconversion emissions with
remarkable enhancement (Fig. 3d,e; Fig. S7 and S8t). These
results indicated that the spatial separation of Yb*" and Ho>"
in different regions works well in reducing the deleterious
back energy transfer (BET) channels, such as [(°S,,’F,); °Is] —
[’F/2; *Fs52); and [°Fs; °I,] = [*Fy2; °Fsj5] from Ho>" to Yb?" at
the core-shell interface.**** Thus, the IET-mediated core-shell
nanostructure design was confirmed to be a much more
effective approach to the upconversion of the heavy doping of
Ho®' ions in contrast to the conventional codoping scheme
with a much lower dopant concentration (e.g. 2 mol% Ho>").
To further figure out the mechanism of IET in such a core-
shell nanostructure, we prepared NaHoF,@NaYF,:Yb core-
shell nanoparticles with tuning the Yb*' concentration
(5-100 mol%) in the shell layer (Fig. S9 and S107}). The upcon-
version emission spectra are shown in Fig. 4a, indicating an
initial increase and then a decline with increasing the Yb**
concentration, and the highest luminescence intensity was
obtained at 20 mol% Yb*". The decrease in the emission inten-
sity may be due to the strong BET channels at the core-shell
interfacial area as well as the energy loss from the energy
migratory feature of Yb**. During this process, an emission
color change from red to yellow was also observed, and the
corresponding CIE coordinates are plotted in Fig. 4b
(Table S2t). From the above result, it was also found that the

Nanoscale, 2021,13, 4812-4820 | 4815
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Fig. 3 (a) TEM images of the NaYF;:Ho(40 mol%) core, NaYF4:Ho(40 mol%)@NaYF4:Yb(60 mol%) core—shell, and NaYF4:Ho(40 mol%)@NaYF4:Yb
(60 mol%)@NaYF, core—shell-shell nanoparticles. (b) The high-resolution TEM image of the core—shell-shell nanoparticles. (c) A comparison of the
upconversion emission spectra of as-prepared NaYF4:Ho(40 mol%)@NaYF,4:Yb(60 mol%)@NaYF, core—shell-shell and NaHoF,:Yb(60 mol%)@NaYF,
core—shell nanoparticles under 980 nm excitation. (d) Dependence of the overall upconversion emission intensity of the NaYF4:Ho(5-100 mol%)
@NaYF4:Yb(20-100 mol%)@NaYF, core—shell-shell nanoparticles with a tuning of the concentrations of Ho®* in the core and Yb®* in the interlayer,
respectively. () Comparative upconversion emission spectra from the optimized NaYF;:Ho(20 mol%)@NaYF,;:Yb(60 mol%)@NaYF, core—shell-shell
nanoparticles and NaHoF4:Yb(60 mol%)@NaYF, core—shell nanoparticles under identical measurement conditions.
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Fig. 4 (a) Upconversion emission spectra of NaHoF,@NaYF,;:Yb(5-100 mol%) core—shell nanoparticles under 980 nm excitation. (b) CIE coordi-
nates of the emissions from (a) samples. (c and d) Decay curves of the upconversion emissions measured at (c) 646 nm and (d) 541 nm under pulsed
980 nm excitation. (e) Possible back energy transfer processes for decreasing the red and green upconversion emissions under 980 nm excitation.
(f) Comparison of the upconversion emission spectra of the as-prepared NaHoF;@NaYF;:Yb(20 mol%) core—shell, NaHoF,:Yb(20 mol%)@NaYF,
core—shell, and NaHoF ;@NaYF,;:Yb(20 mol%)@NaYF, core—shell-shell nanoparticles under 980 nm excitation.
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red upconversion emission was more sensitive to the change of
Yb** concentration in the shell layer. This might be due to the
more efficient BET2 process of [*Fs; °I;] — [*Fy,5; Fs.,] (Fig. 4c-e).
There was a slight decrease in the lifetime of the red upconver-
sion emission (Fig. 4c), while almost no change was observed for
that of the green upconversion emission (Fig. 4d). This may also
suggest a weak cross-relaxation at the green emission levels that
could partially compensate the negative effect of the BET1
process. Note that in such a core-shell structure, due to the lack
of protection from surface defects, the upconversion emission
intensity of NaHoF,@NaYF,:Yb(20 mol%) was much weaker than
that of the NaHoF,:Yb(20 mol%)@NaYF, nanoparticles (Fig. 4f).
In contrast, after coating an NaYF, inert shell outside the
NaHoF,@NaYF,:Yb(20 mol%), the upconversion emission inten-
sity was greatly enhanced more than that from the codoping
sample (Fig. 4f; Fig. S111). These results demonstrated that the
smart control of IET in a core-shell-shell structure is beneficial
to improving the upconversion emission toward brighter output.
Next, we investigated how to realize the upconversion of the
holmium lattice upon excitation at the 808 nm wavelength, an
important wavelength for biological applications. Because
there is no relevant energy levels matching with this wave-
length, Ho®" itself is non-responsive to the 808 nm irradiation.
Consequently, here the NaHoF,@NaYF,:Yb/Nd core-shell
nanostructure was proposed and Nd** was newly introduced
into the shell as the sensitizer (Fig. 5a—c). As shown in Fig. 5a
and b, an intense upconversion of Ho>* was indeed observed
for this design and the optimal Yb** and Nd** doping concen-
trations were found to be 20 mol% and 30 mol%, respectively.
It should be noted that this design was much better than that
of a simple Ho*'/Yb*'/Nd*" codoped system (Fig. $121). These
results confirmed that the Nd** — Yb®" — Ho®" energy transfer
in a core-shell nanostructure design is an efficient way to acti-
vate Ho’" under 808 nm irradiation (Fig. 5¢). On the other
hand, the presence of Nd** would sharply decrease the emis-
sion of Ho®" upon 980 nm excitation due to the occurrence of
other quenching channels from Ho** to Nd** (Fig. $137).
Despite the activation through 808 nm excitation, the total
emission color was mainly in the red output. To further
expand the color gamut, we designed NaHoF,@NaYF,:Yb
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(0-100 mol%)@NaYF,:Yb/Nd to tune the upconversion
dynamics through IET interactions between Ho’* and Yb®* at
the core-interlayer interfacial area (Fig. 6a). As shown in Fig. 6b,
the green and red emission showed an initial rising and then
falling trend with increasing the Yb®" concentration in the inter-
layer. More interestingly, the upconversion emission intensity of
the red-to-green ratio gradually descended from 27.4 to 2.1,
which means that a color change from red to yellowish green
was obtained (Fig. 6¢c and Table S3f). The Nd** ions in the
outmost shell layer first absorbed the 808 nm excitation energy,
which was then transferred to Yb*" in the same shell, followed
by Yb*>*~Yb** migration until reaching the Ho®" lattice with its
upconversion emissions.**™** The back energy transfers from
Ho>" to Yb** played the key roles in tuning the emission colors.
This design also allowed for 980 nm excitation with a similar
color gamut (Fig. S14 and Table S47). Thus, one can see that
Yb** in the interlayer plays two roles: one, as the migrator to
support the energy transport from the outermost shell to the
core, and the other one, as the energy trapper to mediate the
populations of Ho?" at its red or green emission energy level.

To further enhance the upconversion emission intensity,
we introduced ICG dyes as an additional sensitizer to improve
the excitation energy harvest at 808 nm. The ICG dyes have
much higher absorption capability than that of Nd** at around
808 nm wavelength.*>*° As shown in Fig. 6d and e, the red
and green emission were greatly enhanced in comparison with
the control sample without surface attaching the ICG dyes.
The emission colors exhibited a stable feature in a large exci-
tation power density range (Fig. 6f and Fig. S15%), laying a
solid foundation for frontier applications.

To shed more light on the ionic interactions between Ho®" and
Yb**, the upconversion performance under non-steady state exci-
tation was further measured. The upconversion emission of Ho®"
showed a color change from red to yellowish green as the pulse
width of the laser decreased (Fig. 7a; Fig. S16 and Table S57). This
might be due to the indirect upconversion process of the red
upconversion emission that is usually obtained through relaxation
from the intermediate states of °I; to I, before the upconversion
transition to the red emission level (Fig. 7b). This was supported
by the relatively slow rising process of the red upconversion emis-
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Fig. 5 (a and b) Upconversion emission spectra of NaHoF;@NaYF,4:Yb(0-60 mol%) and NaHoF;@NaYF4:Yb (20 mol%)/Nd (10—70 mol%) core—shell
nanoparticles under 980 and 808 nm excitations, respectively. (c) Schematic of the energy transport processes in the Nd**-sensitized upconversion

system.
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of the red-to-green emission intensity ratio as a function of the Yb®* concentration in the interlayer. (c) CIE coordinates of the emissions from (b)
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sion in comparison to that of the green emission (Fig. 7c). Note
that the cross-relaxation occurring at the green emission (°Fy,>S,)
level may also made a contribution because the red upconversion
emission showed a more rapid rising process than that of the con-
ventional NaYF,:Yb/Ho(20/2 mol%) nanoparticles (Fig. 7d). Both
origins are schematically shown in Fig. 7b. Such a tunable emis-
sion color merit holds great promise in anti-counterfeiting appli-
cations (Fig. 7e). For a given cherry pattern, we concealed the
numbers “2021” below it with the first one using the sample in
Fig. 7a and the others by the control upconversion nanoparticles
with different emission colors (Fig. S171). Under continuous-wave
(c.w.) light irradiation, the patterned numbers showed a red “2”,
blue “0”, red “2”, and green “1” from left to right. When using the
pulse excitation laser with a reduction of the pulse width, the first
number “2” showed a gradual color change to light yellow due to
the presence of the green upconversion emission; while there was
no color change for the other numbers during this process,
meaning that the concealed initial number “2” was the only one
distinguishable under short pulse excitation. This feature provides
an additional temporal parameter for multi-level anti-counterfeit-
ing in contrast to the commonly used upconversion emission
color and/or lifetime tuning techniques.

4. Conclusion

In conclusion, we demonstrated a mechanical design for con-
structing interfacial energy transfer in Ho**-Yb** separately
doped core-shell structures toward enhanced photon upcon-
version. The spatial separation of the sensitizer and activator
could effectively reduce the back energy transfer channels that
occur in the heavily doped luminescent system. By further
designing the Yb**/Nd** dual-sensitizing shell, 808 nm exci-
tation wavelength was also achieved. A fine manipulation of
the ionic interactions between Ho®" and Yb®" at the interfacial
area in a core-shell-shell nanostructure resulted in a gradual
color change from red to green. The upconversion of the red
upconversion also exhibited a dynamic dependence on the
pulse duration. The fine control of the emission colors shows
promise in applications in information security. The concep-
tual model described in this work not only helps gain a deep
insight into the luminescence mechanism of lanthanides as
well as the lanthanide sublattice but also contributes to the
design of a new class of versatile luminescent materials toward
frontier applications.
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