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ABSTRACT: Vacancies pose a major challenge in the production of
high-quality crystals, particularly at the nanoscale. To address this
problem, we report a convenient strategy that involves volumetric lattice
reconstruction and dynamic metal complex docking to produce
ultrasmall (10 nm) and bright core−shell upconversion nanoparticles
(UCNPs). This strategy involves the formation of lanthanide ion−oleic
acid complexes during postannealing in solution, which effectively
removes vacancies in nanocrystals. The removal of vacancies restricts the
diffusion of lanthanide sensitizers and emitters within the core, thus
minimizing surface quenching. Our volumetric lattice reconstruction strategy provides fundamental insights into lattice engineering
and presents a general strategy for purifying functional nanocrystals for applications in fields such as single-molecule tracking,
quantum optics, energy conversion, and others.
KEYWORDS: Upconversion nanocrystals, defects, volumetric lattice reconstruction, dynamic metal complex docking,
luminescence enhancement

Lattice defects in crystals can greatly impact their optical and
electrical performance.1−3 Luminescent materials, in

particular, are affected by the type, quantity, and distribution
of defects. This impact is even more pronounced in nanoscale
materials because of luminescence quenching, which compli-
cates the synthesis of small, bright, luminescent nanomaterials.
Lanthanide-doped upconversion nanoparticles (UCNPs) are a
special type of luminescent nanomaterial with high photo-
stability, long luminescence lifetime, and tunable emission from
ultraviolet to near-infrared. Despite their potential applica-
tions,4−13 researchers must use large UCNPs to maintain
brightness since defects on the nanoparticle surface can severely
quench their luminescence, especially for smaller UCNPs with a
much greater surface-to-volume ratio.14 An inert shell can be
applied to nanoparticles to enhance luminescence,15−17 but the
coating process typically leads to a substantial increase in size,
which makes it problematic for biological applications. Inherent
defects at the core−shell interface and nanoparticle surfaces
could still quench luminescence, thereby resulting in limited
upconversion enhancement.18−22 Although approaches, such as
dye sensitization,23−25 surface plasmon coupling,26 dielectric
microlens modulation,27 and photonic crystal engineering,28

have been developed to enhance luminescence, they increased
the complexity of the process.
Atom diffusion during annealing is a critical process that

affects the microstructure and properties of materials.29−31 The
presence of vacancies in nanocrystalline materials can
significantly impact the diffusion mechanism. To understand

the effect of vacancies on atom diffusion in nanocrystals, we
reason that lanthanide complexes could be introduced to
interact with the vacancies formed on nanocrystal surfaces. With
a proper design, these lanthanide complexes are likely to dock
vacancies as they diffuse from the lattice to the surface, thereby
resulting in highly crystalline nanocrystals with minimal loss of
luminescence intensity (Figure 1).
To verify our speculation, we synthesized ultrasmall

NaGdF4:Yb/Tm(49, 1%) UCNPs with a diameter of approx-
imately 6.7 nm and coated them with an inert NaYF4 layer
(Figure 2a,b). Despite the enhancement achieved by using the
standard core−shell configuration, which increases lumines-
cence intensity by ∼1800-fold at 450 nm (peak intensity),
vacancies, especially at the core−shell interface and particle
surfaces, remain a major obstacle to further luminescence
enhancement (Figure 2f). To remove these vacancies, we
postannealed these UCNPs at 300 °C for 1 h in a solution
containing yttrium acetate, oleic acid (OA), and 1-octadecene. A
further increase in luminescence (116-fold at 450 nm) and
quantum yield (29-fold across the whole emission spectra) was
observed with well-preserved nanoparticle morphology (Figure
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2c,e,g, and Figures S1 and S2). No increase in luminescence was
found in the absence of yttrium acetate, thereby indicating that
the inclusion of Y3+−oleic acid complexes is critical for
luminescence enhancement (Figure 2d,g). Moreover, Y3+-
assisted solution annealing extends the luminescence lifetime
from 0.10 to 0.41 ms, thereby signifying effective elimination of
defect-induced quenching (Figure 2h, Figure S3a).
For UCNPs with core−shell configuration, a thicker

passivation layer provides better protection against surface
quenching, which results in higher luminescence (Figure 3a).32

In contrast, our solution annealing technique with Y3+−OA
complexes is highly efficient and requires only a 1 nm passivation
layer. A thicker layer of 2 nm showed only slight improvement in
luminescence (Figure 3a and Figures S4 and S5a). Reconstruc-
tion of volumetric defects extended the luminescence lifetime of
core−shell UCNPs with different shell thicknesses to a similar
value of ∼0.42 ms (Figure 3b, Figure S3b,c).
As with Y3+, Gd3+ is also known for its optical inertness and is

commonly utilized for surface passivation.33 The introduction of
Gd3+ ions through lattice reconstruction resulted in a noticeable
enhancement in upconversion luminescence (Figure 3c).
However, the performance of the Gd3+-based complex was

found to be slightly inferior to that of the Y3+-based complex
because of energy dissipation throughTm3+ toGd3+ sublattice.34

Heavy Yb3+ doping in nanoparticles typically enhances their
absorption capacity but can also lead to unwanted energy
transfer to surface quenchers, thereby resulting in energy loss.
Therefore, a thick passivation layer is required to protect the
absorbed energy and prevent its migration to surface quenchers
(Figure 3d).35 Surprisingly, lattice reconstruction with Y3+ ions
improves the resistance to quenching in Yb3+ sensitizers, which
results in a ∼1700-fold enhancement in heavily Yb3+-doped
UCNPs (Figure 3d and Figure S5b,c). Multilayer configurations
(NaGdF4@NaGdF4:Ybx/Tm1@NaYF4; x = 19%, 59%, or 99%)
were used to maintain consistency in sample size. Notably, even
when nanoparticles were dispersed in polar solvents (e.g., water
and ethanol), after postannealing, significant fluorescence
enhancement was detected, thereby making them attractive
for bioapplications (Figure S6). Upconversion enhancement
was also observed in samples activated with Er3+ (Figure S7).
The regulation of volumetric vacancies has a direct impact on

crystallinity. Post-treatment with Y3+−OA complexes resulted in
sharp X-ray diffraction patterns, which indicated enhanced
crystallinity (Figure 4a). The improvement was limited in the

Figure 1. Schematic illustration of volumetric nanocrystal lattice reconstruction through dynamic metal complex docking. Under high-temperature
annealing, atoms within crystals can overcome potential barriers and subsequently occupy surrounding vacancies (i). This continuousmotion results in
vacancy-assisted atom diffusion (ii). By effectively blocking vacancies that diffuse to the surface, the number of defects within the nanocrystal can be
significantly reduced, thereby enhancing its luminescent performance (iii).
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absence of Y3+−OA complexes. Moreover, the use of lanthanide
complexes during postannealing led to a blue shift of Raman
peaks, thereby indicating a reduction in defects and bond length
(Figure S8).36 Furthermore, extended X-ray absorption fine
structure spectroscopy revealed that the coordination number of
Yb3+ increased after postannealing with lanthanide complexes
(Figure 4b), while the coordination number decreased without
the complexes, likely because of diffusion of Yb3+ into the shell
layer (Figure S9 and Table S1). Notably, the successful insertion
of Y3+ ions into the crystal lattice was directly evidenced by the
increased Y3+ content after the Y3+−OA post-treatment (Table
S2).

Aberration-corrected scanning transmission electron micros-
copy (STEM) was employed to probe annealing-induced lattice
evolution at the single-particle level (Figure 4c−e and Figure
S10). High-angle annular dark-field (HAADF) imaging at
relatively low magnification showed that annealing treatment
with Y3+−OA complexes preserved the core−shell structure well
and exhibited a clearly differentiated core−shell contrast (Figure
4d). However, the contrast disappeared without the complexes
(Figure 4e). X-ray energy dispersive spectroscopy (X-EDS) of a
single nanoparticle also confirmed the strong diffusion of Yb3+

ions from the core to the shell in the absence of Y3+ (inset, Figure
4e).37,38 Taken together, these results suggest that the addition
of lanthanide complexes during postannealing not only

Figure 2. Significant upconversion luminescence enhancement through volumetric lattice purification of sub-10 nm core−shell UCNPs. Transmission
electron microscopy (TEM) images of the NaGdF4:Yb/Tm core nanoparticles (a), the pristine NaGdF4:Yb/Tm@NaYF4 core−shell nanoparticles
(b), and the NaGdF4:Yb/Tm@NaYF4 core−shell nanoparticles annealed with (c) and without (d) Y3+. Scale bar: 50 nm. (e) The corresponding
histogram size distributions of nanocrystals. (f) Upconversion emission spectra of NaGdF4:Yb/Tm and NaGdF4:Yb/Tm@NaYF4 core−shell
nanoparticles under 980 nm excitation (4W cm−2). (g) Upconversion emission spectra of pristine NaGdF4:Yb/Tm@NaYF4 core−shell nanoparticles
and those annealed with and without Y3+ under 980 nm excitation (4 W cm−2). Inset: Emission intensity of Tm3+ at the wavelength of 450 nm. (h)
Dynamic curves of Tm3+ at 450 nm (1D2 → 3F4) for samples a−d, respectively.
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facilitates the removal of vacancies in nanoparticles but also
effectively suppresses ion diffusion, which allows for effective
preservation of activators in the core region.
The volumetric lattice purification process was further studied

with Monte Carlo simulations on the basis of the model of
vacancy-assisted atom diffusion in a solid (Figure 4f−i and
Movie S1). The simulations showed a concentration of
vacancies at the core−shell interface and particle surfaces
(Figure 4f). Without surface docking, these vacancies would
participate in ion diffusion during annealing, thereby leading to
random distribution in nanoparticles and substantial core−shell
intermixing (top panels, Figure 4g−i). In contrast, when
lanthanide complexes were added, surface vacancies could be
quickly docked by the lanthanide complexes. This leads to the
purification of the whole lattice and the suppression of core−
shell intermixing (bottom panels, Figure 4g−i).
In summary, by introducing inert lanthanide complexes, we

have successfully established a simple and robust strategy that
can increase upconversion luminescence by three orders of

magnitude on the basis of conventional core−shell UCNPs. Our
strategy enables the efficient purification of volumetric lattices
and the elimination of ion diffusion while maintaining the same
size. In addition to developing sub-10 nmUCNPs with ultrahigh
brightness, our study has also provided new insight into crystal
defect engineering. Moreover, our unique lattice reconstruction
strategy can be easily combined with other approaches, such as
organic dye sensitization and excitation energy localization, to
further enhance luminescence and can be usefully applied to
other luminescent nanophosphors, such as quantum dots and
perovskite nanocrystals. This approach is not restricted to
luminescent nanomaterials and provides a reliable route to
fabricate high-quality functional nanocrystals for various
emerging applications, including catalysis, photovoltaics, light-
ing, and more.

Figure 3. In-depth experimental investigations on upconversion luminescence enhancement through inert lanthanide ion-assisted volumetric lattice
purification. (a) Upconversion luminescence enhancement factors of NaGdF4:Yb/Tm@NaYF4 core−shell nanoparticles with different inert shell
thicknesses under 980 nm excitation (4 W cm−2) compared with core nanoparticles (NaGdF4:Yb/Tm). (b) Dynamic curves of Tm3+ at 450 nm (1D2
→ 3F4) for samples with different inert shell thicknesses. (c) Upconversion emission spectra of pristine NaGdF4:Yb/Tm@NaYF4 core−shell
nanoparticles and those annealed with Y3+ and Gd3+. (d) Luminescence enhancement factors of NaGdF4@NaGdF4:Yb/Tm@NaYF4 core−shell−
shell nanoparticles with different Yb3+ concentrations under 980 nm excitation (4 W cm−2).
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