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against Elemental Migration using Luminescent Lanthanide Probes
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Abstract: Core—shell structured nanoparticles are increasingly
used to host luminescent lanthanide ions but the structural
integrity of these nanoparticles still lacks sufficient under-
standing. Herein, we present a new approach to detect the
diffusion of dopant ions in core-shell nanostructures using
luminescent lanthanide probes whose emission profile and
luminescence lifetime are sensitive to the chemical environ-
ment. We show that dopant ions in solution-synthesized core—
shell nanoparticles are firmly confined in the designed
locations. However, annealing at certain temperatures (greater
than circa 350°C) promotes diffusion of the dopant ions and
leads to degradation of the integrity of the nanoparticles. These
insights into core—shell nanostructures should enhance our
ability to understand and use lanthanide-doped luminescent
nanoparticles.

Over the last ten years, there has been an increasing focus
on the synthesis of lanthanide-doped nanoparticles for
applications in biological imaging, photonics, photovoltaics,
and therapeutics.'™™ Given the limited scope to design
homogeneously doped nanoparticles with particular optical
properties, core—shell structural engineering has emerged as
a powerful means to construct novel lanthanide-doped nano-
particles by integrating functionalities and regulating the
complex interplay of lanthanide interactions.”! However,
although current synthetic approaches allow for controlled
incorporation of various lanthanide ions into separate layers
of a core—shell nanoparticle, it remains unknown whether the
structural integrity of the nanostructure is maintained against
elemental migration across the core—shell interface. Conven-
tionally, core—shell structures are investigated by electron
microscopy in combination with high-angle annular dark field
imaging (HAADF), electron energy loss spectroscopy
(EELS), and energy-dispersive X-ray spectroscopy (EDS),
techniques which typically lack the sensitivity to detect trace
amount of dopant ions.
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Herein, we present a new approach to investigate the
integrity of core-shell nanostructures by using Tb*" and Ce*"
dopant ions as luminescent probes. As shown in Figure 1,
when a Ce*"-doped nanoparticle core is co-doped with Tb*",
Ce*" will have a shorter decay lifetime as a result of energy
transfer from Ce** to Tb** (Figure 1a and b).["! Although the
time decay of the Ce*"ion is not sensitive to low concen-
trations of Tb*" (for example less than 0.5 mol%), sharp
emission bands for Tb*" ions appear at 1 =381 nm, 416 nm,
and 437 nm (Figure 1c), owing to suppressed °D;+F¢—
D, +F, cross-relaxations at large Tb-Tb interatomic sepa-
rations (Figure 1d).*! Notably, these emission bands can be
clearly detected even when only a trace amount of Tb*" is
present (such as 0.1 mol %), thus serving as unambiguous
evidence for the presence of Tb*" ions. Therefore, the spectral
characteristics of Ce*" and Tb*" ions together provide a sensi-
tive probe of the chemical composition of the host lattice.

As a proof-of-concept experiment to probe the actual
location of dopant ions in the core—shell nanostructured hosts,
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Figure 1. a) Luminescence decay curves of Ce’" in NaYF,:Ce/Tb@
NaYF, core-shell nanoparticles ([Ce*"]=20 mol%; [Tb**]=0-

20 mol%). In this case, the NaYF, shell protects the core layer from
surface quenching. b) Simplified energy-level structures showing non-
radiative energy transfer from Ce’* to Tb*>*. c) Emission spectra of
NaYF,:Ce/Tb@NaYF, nanoparticles ([Ce’']=20 mol %; [Tb*']=0-

20 mol %). d) Simplified energy-level diagram showing cross-relaxation
between Tb*' ions. Note that emission from the high-lying °D; excited
state can be completely quenched at high Tb*" concentrations (such
as at 20 mol %). Luminescence decay curves and emission spectra
were all recorded with an excitation wavelength of 4., =264 nm.
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we fabricated a NaYF,@NaYF, nanoparticle doped with Ce*"
(20 mol %) and Tb*"ions (20 mol%) in the core and shell
layers, respectively. As designed, the Ce*" and Tb*' ions are
spatially separated to eliminate mutual interactions. Further-
more, the configuration also quenches °D; emissions of Tb*"
because of a high Tb*" concentration.

The nanoparticles were synthesized through a widely used
layer-by-layer coating process carried out in organic solu-
tions,”) which involves the growth of a NaYF,:Ce core
nanoparticle followed by the epitaxial deposition of
a NaYF,:Tb shell (see the Supporting Information). Trans-
mission electron microscopy (TEM) micrographs reveal
a quasi-spherical shape of the as-synthesized core-shell
nanoparticle (Figure 2a). EELS analysis shows that the
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Figure 2. a) Typical TEM image of the as-synthesized NaYF,:Ce@
NaYF,:Tb core-shell nanoparticles. b) Element maps of Ce (blue) and
Tb (green) in the nanoparticles shown in (a). c) High-resolution TEM
image of a nanoparticle shows that it is single crystalline in nature and
has a d spacing of 0.52 nm in the crystalline plane. d) Decay curves of
Ce*" in the as-synthesized NaYF,:Ce@NaYF,:Tb and NaYF,:Ce@
NaYF, nanoparticles, respectively. e) Emission spectrum of the as-
synthesized NaYF,:Ce@NaYF,:Tb nanoparticles. The dopant concen-
trations of Ce** and Tb*" are both 20 mol %. Luminescence decay
curves and the emission spectrum were all recorded with 4., =

264 nm.

distributions of Ce™ and Tb*" elements in the nanoparticles
are very consistent with the designed compositions (Fig-
ure 2b), confirming the core-shell structure of the nano-
particles. High-resolution TEM image (Figure 2c) reveals
a single-crystalline structure for the core—shell nanoparticle
and lattice fringes with a measured d spacing of 0.52 nm,
which is in good agreement with the lattice spacing in the
(100) planes of hexagonal phase NaYF, (0.515nm; Joint
Committee on Powder Diffraction Standards file number 16-
0334).

We next probed the fine structure of the core-shell
nanoparticles by combining time-resolved and steady-state
luminescence of Ce*" and Tb*" ions. As shown in Figure 2d,
we detected only a marginal decrease in the lifetime of Ce*" in
the NaYF,:Ce@NaYF,:Tb core-shell nanoparticles with
respect to that in the control sample which had Tb*"-free

Angew. Chem. Int. Ed. 2015, 54, 12788 —12790

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ang

Internatic

shell (57.3 versus 58.7 ns). The comparison reveals a very
limited interaction between Ce*" and Tb*' ions in the core—
shell structure. However, we only detected emission bands
originating from the °D, state of Tb*>" in the steady-state
emission spectra (Figure 2e), implying no leakage of
Tb*' ions from the shell layer. Otherwise, a region of low
Tb*" concentration would be created in the core lattice and
give rise to °Dj;emission bands. Taken together, we can
conclude that the Ce*"~Tb*" interaction primarily occurred at
the core-shell interface leading to the weak detected °D,
emission bands of Tb*", thereby corroborating the firm
confinement of Ce*" and Tb*" dopants in the core and shell
layers, respectively.

The high degree of structural integrity is attributed to the
substitutional nature of the dopant ions in the host lattice as
well as the close-packed lattice structure. Owing to their large
ionic sizes, lanthanide dopant ions are unlikely to migrate in
the host lattice without the assistance of vacancies. At
relatively low temperatures (such as, for example, at the
synthesis temperature of 290°C), the diffusion of dopant ions
is sluggish because of the insufficient vibrational energy of the
atoms and a lack of vacant sites. As both thermal excitation of
atoms and the concentration of vacancies grow rapidly with
increasing temperature,!'”! the migration of dopant ions may
be activated at elevated temperatures and may induce
damage to the core-shell nanostructures.

To evaluate the thermal stability of the core—shell
structure, we annealed the as-synthesized nanoparticles at
varying temperatures (350-450°C). TEM characterization
(Figure 3a—c) and EELS analysis (see Figure S1 in the
Supporting Information) show that the particle size, mor-
phology, and the layered structure are essentially preserved
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Figure 3. a—c) TEM images of the NaYF,:Ce@NaYF,:Tb core-shell
nanoparticles after annealing for 120 min at 350°C, 400°C, and 450°C,
respectively. d) Luminescence decay curves of Ce’" ions in the
NaYF,:Ce@NaYF,:Tb ([Ce’"]=20 mol %; [Tb**]=20 mol %) core-shell
nanoparticles before and after annealing, respectively. e) Emission
spectra of the NaYF,:Ce@NaYF,:Tb ([Ce*']=20 mol %; [Tb*']=

20 mol %) core—shell nanoparticles after annealing. Luminescence
decay curves and emission spectra were all recorded with A=

264 nm.
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after annealing. X-ray powder diffraction (XRD) patterns
(Figure S2) further confirm that the phase of the annealed
samples is consistent with that of the corresponding as-
synthesized sample. Therefore, substantial recrystallization
and growth of the crystalline grains are excluded. However,
we detected an appreciable decrease in the Ce*" lifetime with
increasing annealing temperature (Figure 3d), indicating
a relocation of dopant ions within the nanoparticles. The
migration of dopant ions across the core—shell interface is
further validated by the presence of a *D; emission band for
Tb*" ions in the annealed samples (Figure 3e).

In conclusion, a new approach has been developed and
validated to investigate the integrity of core—shell nano-
structures. Spectroscopic investigations of the as-synthesized
core—shell nanoparticles indicate that the dopant ions are
firmly confined in their designed locations. However, heat
treatment at elevated temperatures (above circa 350°C)
promotes migration of dopant ions and degrades the struc-
tural integrity. Our study will substantially improve our
understanding of nanostructured materials comprising lan-
thanide dopants, in addition to providing a general guideline
for the proper use of these nanomaterials in technological
applications.
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