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Abstract: We report a new mechanistic strategy for controlling
and modifying the photon emission of lanthanides in a core—
shell nanostructure by using interfacial energy transfer. By
taking advantage of this mechanism with Gd*" as the energy
donor, we have realized efficient up- and down-converted
emissions from a series of lanthanide emitters (Eu’", Th",
Dy*', and Sm’") in these core-shell nanoparticles, which do
not need a migratory host sublattice. Moreover, we have
demonstrated that the Gd**-mediated interfacial energy trans-
fer, in contrast to energy migration, is the leading process
contributing to the photon emission of lanthanide dopants for
the NaGdF,@NaGdF, core-shell system. Our finding suggests
a new direction for research into better control of energy
transfer at the nanometer length scale, which would help to
stimulate new concepts for designing and improving photon
emission of the lanthanide-based luminescent materials.

Controlling photon emission of lanthanide-doped nano-
materials has been a key research topic in recent years owing
to their broad applications ranging from solid-state lasers,
displays, photovoltaics, nanophotonics, to biological imaging
and therapy."!! The unique 4f electronic configuration of
trivalent lanthanide ions enables them a great optical
capability in photon manipulation, of which the infrared-to-
visible up-conversion is a typically investigated process.*?
The photon up-conversion also benefits much from the nano-
sized crystalline lattice owing to its extremely low phonon
energy, which can effectively minimize non-radiative decays,
such as multi-phonon relaxation.’™3 So far, up-conversion
emissions spanning from near-ultraviolet to near-infrared
spectral regions have been readily accessible in lanthanide-
doped nanocrystals by approaches including tuning the
emitters and sensitizers (and their concentration ratio),
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tailoring crystal field, adopting unique nanostructure
designs.! Moreover, intense ultraviolet-to-visible down-con-
version has also been achieved in lanthanide-doped nano-
crystals by employing suitable lanthanide dopants (e.g., Tb**
and Eu’") and sensitizing system (e.g., Ce*"), as evident in
recent progress.’) However, for these luminescent materials
the lanthanide dopants are usually doped in a homogeneous
way during the synthetic experiments, making their emission
performance suffer from deleterious luminescence quenching
because of the strong interactions between them (e.g., cross-
relaxation).”! On the other hand, limited by the intrinsic
electronic configuration, traditionally efficient photon up-
conversion can only be achieved in Er'f, Tm*", and Ho*"
through a typical process of energy-transfer up-conversion by
employing Yb*" or Nd** as the sensitizer.'™? While this
process does not work well for the other lanthanide ions
because of the lack of long-lived intermediate states to store
the energy, and some other approaches, such as cooperative
sensitization, still result in much weak emission.”! Therefore,
it is of great significance for exploring new mechanisms to
realize efficient photon up- and down-conversion emission of
more lanthanide ions as well as a new way for minimizing the
concentration quenching of the lanthanide-based luminescent
materials.

Herein, we propose a new mechanistic strategy to achieve
photon up- and down-conversion through the use of Gd**-
mediated interfacial energy transfer (IET) within a core—shell
structure, as illustrated in Figure 1. In our design, Gd*' is
selected as the energy donor which can be activated by the
ultraviolet and infrared irradiation through employing Ce*"
and Yb**/Tm*" as sensitizers (Figure 1b and Figure S1 in the
Supporting Information). The energy donor, sensitizer, and
lanthanide emitter ions are separately incorporated into
a core-shell architecture at different layers (Figure 1a). This
not only allows us to manipulate the energy interactions in
a precisely controlled way but also helps to minimize the non-
radiative decays, such as cross-relaxation by a spatial separa-
tion of the dopants."** To effectively exclude any possibility
of optical affection on photon emission (e.g., energy migra-
tion), optically inert hexagonal phase NaYF, is selected as the
shell matrix, which is also shown to be a good host for
lanthanides with efficient photon down-conversion besides
up-conversion.*®! By taking advantage of the IET mecha-
nism, multiple visible emissions from a series of lanthanide
ions (Eu**, Tb*", Dy*", and Sm*") are possible at both up- and
down-conversion pump schemes.

We first prepared the NaYbF,:Tm/Gd@NaYF,:A (A=
Eu, Tb, Dy, and Sm) core—shell nanoparticles by using a two-
step coprecipitation method (see the Supporting Informa-
tion)."" In a typical experiment, the NaYbF,:Tm/Gd(1/
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Figure 1. a) Proposed mechanism of photon up- and down-conversion
through Gd’"-mediated interfacial energy transfer in a core-shell
architecture design. b) Schematic representation of energy-transfer
processes involving a core—shell system with Yb**/Tm®" and Ce*" as
sensitizers for harvesting near-infrared (NIR) and ultraviolet (UV)
irradiation energy. ET =energy transfer, ETU = energy transfer up-
conversion, and IET =interfacial energy transfer.

50 mol %) core nanoparti-
cles were first synthesized
as seeds, followed by an
epitaxial growth of the
NaYF,:A (A=Eu, Tb, Dy,
and Sm) shell layer. The as-
synthesized core-shell
nanoparticles have an aver-

At 980 nm excitation, characteristic up-conversion emis-
sions are clearly observed for these core—shell samples, as
shown in Figure 2d and Figures S2,S3. For example, the
typical emission bands of Eu*' recorded at 591, 615, and
695 nm are from its optical transitions of *Dy—'F;, *Dy—'F,,
and °D,—’F,, respectively. In contrast, no emission of
lanthanide emitters from the shell layer was observed for
the core-shell samples without Gd** being doped in the core
(Figure S4). Also, the decay curves of Gd** emission mea-
sured at 311 nm (°P,,—5%S,, transition) show a remarked
decrease in lifetime for the core—shell samples comprising
emitters in the shell layer (Figure S5). These results together
confirmed that the lanthanide emitter in the shell layer is
activated due to the interfacial energy transfer from the Gd**
donor embedded in core (Figure S6).

Through the use of the Gd*'-mediated IET mechanism,
extensive, intense ultraviolet-to-visible down-conversion
luminescence  has also been realized for the
NaGdF,:Ce@NaYF,:A (A =Eu, Tb, Dy, and Sm) core—shell
samples at 254 nm excitation (Figure 2e and Figures S7-S9).
Note that the down-conversion emission is markedly
improved for the samples after removing the surface-capped
oleic ligands which can trap the ultraviolet irradiation energy
with resultant weak emissions (Figure S9).°*! In the control
experiment, we further investigated the emission properties
of the samples with both lanthanide emitters and sensitizers
homogenously codoped together in the core, for example,
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in a single crystalline phase
as evidenced by the clear
lattice fringe exhibited in
the high-resolution TEM
image (Figure 2a; right top
panel). Besides the increase
in size, the core—shell struc-
ture was also confirmed by
the EDS result that the
elements in shell precursor
were only observed for the
samples after growing the
shell layer (Figure 2c¢).
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Figure 2. a) TEM images, b) X-ray diffraction (XRD) patterns, and c) energy-dispersive X-ray spectroscopy
(EDS) of as-synthesized NaYbF,:Tm/Gd(1/50 mol %) core and NaYbF,:Tm/Gd(1/50 mol %) @NaYF,:Eu-

(15 mol %) core—shell nanoparticles. Right panels of (a) show the high-resolution TEM image (top) and
corresponding Fourier transform diffraction pattern (bottom) of the core—shell sample. Note that the
diffraction pattern data plotted at the bottom of (b) is from a hexagonal phase NaYF, crystal (JCPDS #16-
0334). d) Up-conversion emission spectra of NaYbF,:Tm/Gd(1/50 mol %) @NaYF,:A (A=Eu, Tb, Dy, and
Sm) core—shell nanocrystals under 980 nm excitation. e) Down-conversion emission spectra of NaGdF,:Ce-
(15 mol %) @NaYF,:A(A=Eu, Tb, Dy, and Sm) core—shell nanocrystals under 254 nm excitation. f) Emission
color tuning of NaYbF,:Tm/Gd(1/50 mol %) @NaYF,:A(A=Eu or Tb) core—shell nanoparticles by varying the
concentration of emitters doped in the shell layer.
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NaYbF,:Tm/Gd/A@NaYF, and NaCeF,:Gd/A@NaYF,.
Notably, their emission is too weak to be recorded (for
upconversion) or much weaker (for down-conversion) than
that obtained through the interfacial energy transfer (Fig-
ure S10). By tuning the species and content of lanthanide
dopants doped in the shell layer, multiple emission colors
were obtained (Figure 2 f). These experimental investigations
have definitely confirmed the core-shell interfacial energy
transfer as an efficient approach to achieve photon up- and
down-conversion of lanthanide-doped nanocrystals.

We next investigated the spatial scope of the Gd*'-
mediated interfacial energy transfer leading to the photon
emission. Because the interactions between lanthanide ions
are sensitively dependent on their separation,” the interfacial
energy transfer would be closely constrained in a narrow layer
away from the core/shell interface (Scheme A in Figure 3 a).
For a quantitative study, we design a core—shell-shell
structure with a thickness-tunable interlayer between the
core and optically inactive outer shell layer, for example,
NaYbF, Tm/Gd@NaYF,:A@NaYF, (A =Eu and Tb) for up-
conversion and NaGdF,:Ce@NaYF,:A@NaYF, (A =Eu and
Tb) for down-conversion (Scheme B in Figure 3a). Their

(a) Scheme A Scheme B
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Figure 3. a) Mechanistic study of Gd*"-mediated interfacial energy
transfer. Scheme A: Incapability of interfacial energy transfer for acti-
vating the lanthanide emitters in the shell layer further away from the
core/shell interface; Scheme B: Proposed core—shell-shell structure
with a thickness-variable inter-layer for investigating the spatial scope
of interfacial energy transfer. b) Up-conversion emission spectra (left
panel) obtained from NaYbF,:Tm/Gd(1/50 mol %) @NaY-
F,:A(A=Eu,Tb; 15 mol %) @NaYF, and down-conversion emission
spectra (right panel) obtained from NaGdF,:Ce-

(15 mol %) @NaYF,:A(A=Eu,Tb; 15 mol %) @NaYF, core-shell-shell
nanoparticles with different thickness of NaYF,:A interlayer (d:0—

4.0 nm). Note that emission spectra data from NaYbF,:Tm/Gd(1/

50 mol %) @NaYF, and NaGdF,:Ce(15 mol %) @NaYF, core—shell sam-
ples were used when d is 0 nm.
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emission spectra (Figure 3b,c) show a rapid rise in intensity as
the interlayer thickness increases from 0 to approximately
1.5nm, and then approaches to the emission intensity
comparable to that of the commonly synthesized core—shell
samples with further increasing the interlayer thickness.
These results have revealed that the Gd*"-mediated interfa-
cial energy transfer is primarily confined in an approximately
1.5 nm thick layer away from the core/shell interface.

Since the recent observation of a similar emission
phenomenon in energy-migratory NaGdF,@NaGdF, core—
shell system,['”l undertaking a comparative study of it with the
present work has become of great importance. In this case, we
synthesized a series of control samples of NaGdF,:Yb/Tm(49/
1 mol % )@NaXF,:A (X=7Y, Gd; A=Eu, Tb; 15 mol %) and
measured their emission spectra. Note that the nanoparticles
NaGdF,:Yb/Tm(49/1 mol % )@NaXF,:A and NaYbF,:Tm/
Gd(1/50 mol % )@NaXF,:A are the same samples with differ-
ent names. As shown in Figure 4a, the up-conversion
emissions were indeed obtained in these core—shell samples
under 980 nm excitation, and more importantly, the emission
intensity is slightly enhanced for the samples coated with
NaYF,:A shell layer, being consistent with the longer decay
times obtained from the same samples (Figure S11). We
further synthesized the NaGdF,:Ce(15 mol % )@NaXF,:A
(X=Y, Gd; A=Eu, Tb; 15 mol %) core-shell nanoparticles
and their down-conversion spectra show a similar change
tendency as those obtained from the up-conversion samples
(Figures S12,S13). These results indicate that the emission of
lanthanide emitters embedded in shell layer may not essen-
tially depend on the migration in the NaGdF, shell matrix.
Therefore, further study is required regarding the contribu-
tion of Gd**—Gd*" energy migration to the photon emission
of lanthanide emitters for the NaGdF,@NaGdF, type sam-
ples.

Aiming to distinguish the energy migration and energy
transfer both of which take place for the NaGdF,@NaGdF,
type samples, we propose a core—shell-shell structure design
by coating a NaYF,:Tb shell layer outside these core—shell
samples (see Figure 4b). It is found that the energy transfer
from Eu’" to Tb** seldom occurs while it from Gd**
to Tb*" is easily available (Figure S14), allowing us to detect
the energy migration occurring within the interlayer by
measurement of the Tb*" emission. Control tri-layer samples
including NaGdF,:Yb/Tm@NaGdF,:Eu@NaYF,:Tb and
NaGdF,:Ce@NaGdF,:Eu@NaYF,:Tb were synthesized, and
their emission spectra are shown in Figure 4c. Intriguingly,
the emission of Tb*' is very strong for the tri-layer samples
with the NaGdF, interlayer as a result of energy migration,
however, it nearly vanishes for the samples doped with Eu*"
in the interlayer, in particular with up-conversion. This
suggests an existence of competitions between the interfacial
energy transfer and energy migration (StagesI and II in
Figure 4b), subsequently making the energy difficult to
migrate over an approximately 4.0 nm thick NaGdF, inter-
layer at the presence of Eu’' in this layer. In an attempt to
further probe the energy migration, we prepared the tri-layer
samples with a smaller NaGdF,:Eu interlayer thickness. Their
spectral result shows a rapid decrease of Tb*' emission
intensity with the increase in the interlayer thickness (Fig-
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Figure 4. a) Up-conversion emission spectra of NaGdF,:Yb/Tm(49/1 mol %) @NaXF,:A (X=Y,Gd; A=Eu,Tb; 15 mol %) coreshell nanocrystals
under 980 nm excitation. b) Schematic of proposed core—shell-shell structure design for investigation of Gd**—Gd*" energy migration by
detecting the Tb** emission from the outermost shell layer. EM =energy migration, ET =energy transfer. c) Up-conversion emission spectra of
NaGdF,:Yb/Tm(49/1 mol %) @NaGdF,:Eu(15 mol %) @NaYF,:Tb(15 mol %) and down-conversion emission spectra of NaGdF,:Ce-

(15 mol %) @NaGdF,:Eu(15 mol %) @NaYF,:Tb(15 mol %) core—shell-shell nanoparticles. Note that the emission spectra of the core—shell-shell
samples without Eu*" in the interlayer are also plotted for comparison. d) Luminescence intensity of Tb*" emission at 545 nm (*D,—F,
transition) as a function of the NaGdF,:Eu interlayer thickness (d) for the NaGdF,:Yb/Tm@NaGdF,:Eu@NaYF,:Tb samples under 980 nm
excitation. Note that the emission intensity of Tb*" is normalized to the blue emission of Tm** at 475 nm ('G,—’Hq transition). e) Decay curves
of Gd*" emission at 311 nm (5P7/2—>3$7/2 transition) from the NaGdF,:Yb/Tm@NaYF,, NaGdF,:Yb/Tm@NaYF,:Eu and NaGdF,:Yb/Tm@NaGdF,

core—shell samples under a pulsed 980 nm laser excitation.

ure 4d), implying that the energy migration only works within
a narrow layer close to the core/shell interface. More
importantly, the very weak Tb*" emission recorded from
these samples confirmed that the photon emission of emitters
within the NaGdF, shell layer is mainly produced by the
interfacial energy transfer rather than energy migration.

To shed more light on the mechanistic origin that leads to
the difference between the two energy interactions, we
measured the decay curve of Gd*" emission at wavelength
of 311 nm (°P,,—"S,, transition). The lifetime of Gd*" at its
°P,, state for the sample coated with a NaGdF, layer is clearly
shorter than that coated with an outer NaYF, layer due to
energy migration (Figure 4¢). However, it is still much longer
compared to that of the samples with emitters doped in the
shell layer (i.e., NaGdF,:Yb/Tm@NaYF,:Eu), intrinsically
confirming much less efficient energy migration than energy
transfer at the core/shell interfacial area. This difference in
nature may be ascribed to the physical requirement for an
efficient energy transfer in which a much shorter decay time
of donor than that of the acceptor is a necessary condition.**”!
In the present work, the lifetime of Gd** is 2.38 ms, much
shorter than the emitters (e.g., 5.58 ms for Eu’"), allowing an
easier transfer from the energy stored Gd*' to a nearby
lanthanide emitter instead of to a Gd** as in the NaGdF,:A
layered samples. Taken together, these results have clearly
evidenced the priority of interfacial energy transfer over the
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energy migration in achieving photon emission for the
NaGdF,@NaGdF, type systems.

In conclusion, we have mechanistically demonstrated
a novel and efficient energy-manipulating strategy for achiev-
ing photon up- and down-conversion through Gd*"-mediated
interfacial energy transfer. We have also examined and
confirmed the dominance of interfacial energy transfer over
the energy migration in gaining photon emission for the
NaGdF,@NaGdF, type system. These discoveries provide
a deeper mechanistic understanding of the fundamental
processes involving lanthanide interactions on the nano-
meter-length scale. More importantly, they are able to pave
a new way to control and modify the photon emission of
lanthanide-doped materials and consequently contribute to
their frontier applications.
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