COMMUNICATION
Long-Lived Upconversion Luminescence

www.advopticalmat.de
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through Alkaline-Earth Metal Doping and Energy-Level
Tailoring
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However, the multicolor integration relies
almost exclusively on the manipulation of
relative intensity ratios between the emission peaks. Multicolor tuning of UCNPs
through modulating the band position of
the emission is highly desirable for their
applications in biological detection and
imaging. Introducing a different type of
emission with a long lifetime into conventional UCNPs is particularly attractive for
lifetime-based data encoding. Such nanoparticles could allow the ease of access to
a library of transient color codes for multiplexing and data encoding.[9,10]
Incorporation of Mn2+ upconversion
luminescence into lanthanide emission
at a single-particle level may provide a
much-needed solution for the abovementioned challenge.[11–13]
This is because the radiative transition of 4T1→6A1 of Mn2+
is spin-forbidden, allowing the decay lifetime of the optical
transition to be much longer than that of lanthanide emitters.
Additionally, the emission position and lifetime of Mn2+ ions
are likely to be modulated by crystal-site engineering. Our primary design is to change the surrounding of the emitting Mn2+
ions by doping alkaline-earth metal ions (A2+) into the host
lattice of hexagonal-phase NaGdF4 (Figure 1a).[14] The added
dopants can induce variations in the energy gap between the
4T and 6A energy levels of Mn2+ as well as the ionic distance
1
1
of Mn2+ or Gd3+, thereby enabling the color tuning of Mn2+
emission (Figure 1b). In our design, the promotion of Mn2+
ions to excited states could be enabled by trapping the excitation energy from the neighboring excited Gd3+ ions that are
pumped by an energy migration through a multilayered core–
shell nanoparticle (Figure S1, Supporting Information).
To validate our hypothesis, we used Ca2+, Mn2+-codoped
core–shell nanoparticles as a model system. We first prepared
a series of NaGdF4:Ca/Mn (x/30 mol%, x = 0, 5, 20, 40, and 50)
core nanoparticles by a hydrothermal method.[11] The results
showed that a low Ca2+ doping concentration (<40 mol%)
has a negligible impact on the size and morphology of the
core nanoparticles. Transmission electron microscopy (TEM)
showed that the main products are short nanorods in these
cases (Figure S2a–c, Supporting Information). The diameter
and length of the nanorods were estimated to be in the regions
of 11–13 and 17–20 nm, respectively. Notably, high-level doping
of Ca2+ (≈40 mol%) led to a shrinkage in both of the diameter
(≈8–9 nm) and length (≈0–12 nm) of the nanorods (Figure S2d,
Supporting Information). This morphological change is likely

Crystal-site engineering of hexagonal-phase NaGdF4:Mn through alkalineearth metal (A2+) doping is used to tune the upconversion luminescence of
the Mn2+ dopants. Experimental and calculated results show the ability of
A2+ doping to alter the occupancy site of Mn2+ ion from Na+ to Gd3+, thus
enabling an emission change from green (520 nm) to yellow (583 nm) upon
excitation at 980 nm. The yellow emission of Mn2+ shows a long emission
lifetime of 65 ms, more than three times longer than the green emission of
Mn2+ (20 ms). The combination of tunable long-lived Mn2+ emission with
lanthanide emission at a single-particle level provides a convenient route to
triple transient upconversion color codes upon dynamic excitation, which
offers an attractive optical feature particularly suitable for efficient document
encoding.
Lanthanide-doped upconversion nanoparticles (UCNPs)
with a multiband emission feature upon a single-wavelength
excitation have received considerable attention in recent decades because of their potential applications in data storage,
bioimaging, cancer therapy, and 3D display.[1–6] The multiband
emission attribute of lanthanides has enabled the ease of multicolor synthesis for UCNPs through control over doping levels
or the combination of different types of lanthanide dopants.[7,8]
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due to the generation of strong transient electric dipoles on the particle’s surface as a result
of the heavy substitution of Gd3+ with Ca2+.
The built up of the electric dipoles, in turn,
leads to a slow particle growth rate.[15,16] X-ray
diffraction (XRD) analysis of these products
showed a pure hexagonal phase (Figure S3,
Supporting Information). A lower-angle
shift in the diffraction lines of the products
was observed relative to that of Mn2+ singly
doped ones. We attribute this to Ca2+-induced
lattice expansion, indicative of successful Ca2+
doping in β-NaGdF4:Mn nanoparticles.[17] A
further increase in the doping concentration
of Ca2+ (50 mol%) yielded hexagonal-phase
nanorods as a dominant product, together
with a small portion of cubic-phased CaF2 Figure 1. a) Schematic representation of the crystal-site engineering for β-NaGdF4:Mn
nanoparticles (Figures S2e and S3, Supporting through A2+ doping. b) The change in the coordination environment of Mn2+ ion enables the
variation in the energy level between their 4T1 and 6A1 states and neighboring Mn2+–Mn2+
Information).
distance. This effect, when combined with Gd-sublattice-mediated energy migration, may lead
2+
2+
The doping levels of Ca and Mn in the
to tunable emission peak position and lifetime of the Mn2+ dopant.
nanoparticles were estimated by inductively
coupled plasma atomic emission spectroscopy
changes were observed in the upconverted Mn2+ emission. An
(ICP-AES). The results showed a big discrepancy between the
measured and designed concentrations for both ions. For Ca2+
elevated doping level of Ca2+ not only led to a gradual decrease
doping, there is a continued increase tendency in the doped
in the overall Mn2+ emission intensity but also resulted in
nanoparticles upon increasing the concentration in precursor
a red shift in the emission band (Figure 2f). Specifically, at a
solutions. For Mn2+ doping, despite the fixed concentration in
5 mol% doping level of Ca2+, the emission peak appeared at
the precursor (30 mol%), the measured concentration did not
520 nm. Upon increasing the doping concentration of Ca2+,
always remain constant across the series. Under a relatively low
the emission band gradually broadened (20 mol%) and then
doping content of Ca2+ (20 mol%), the Mn2+ concentration was
split into two different emission peaks (50 mol%) at 520 and
583 nm. We attribute the two emission bands of Mn2+ to two
estimated to be ≈0.6 mol%, while a higher doping level of Ca2+
(40 mol%) led to an obvious increase in the concentration of
different emitting centers upon heavily doping of Ca2+ ions,
Mn2+ to 1.6 mol% (Table S1, Supporting Information). These
as evident by the observation of two distinct decay kinetics
(Figure 2g). The lifetimes for the yellow and green emissions
results suggest that Mn2+ has an intrinsically low solubility in
were estimated to be 65 and 20 ms, respectively. The yellow
β-NaGdF4, and an improved solubility can be attained upon
emission displayed a record lifetime for Mn2+ as compared
heavy level doping of Ca2+ ions due to the similarity in ionic
2+
2+
radius and charge between Mn and Ca .
with previous reports.[22,23] Interestingly, the emergence of
We then performed epitaxial growth of double layers
the new emitting center has a marginal effect on the green
of NaGdF4:Yb/Tm (49/1 mol%) and NaYF4 on these core
emitting sites because it essentially showed unchanged decay
kinetics (20 ms) at different doping levels of Ca2+ (Figure S8,
nanoparticles by a seed-mediated approach (Figure S4, Sup[18,19]
porting Information).
Supporting Information). Indeed, the changing trend of Mn2+
After the shell growth, monodisperse spherical nanoparticles were produced in all cases
luminescence upon Ca2+ doping was further confirmed by
with diameters in the range of 20–26 nm. The production of
luminescence trace recording upon dynamic excitation of the
spherical-shaped multilayer nanoparticles is likely due to an
nanoparticles, by which we could observe an obvious transition
oleic acid-assisted etching effect at elevated temperatures
of the tail emission from green to yellow (Figure 2h). In addi(Figure 2a–c and Figure S5, Supporting Information).[20,21] Note
tion to the changes in the optical properties of Mn2+, the emisthat this effect also led to the disappearance of the cubic-shaped
sion intensity of Tm3+ is decreased upon enhancing the doping
impurities in the NaGdF4:Ca/Mn (50/30 mol%) core nanoparlevel of Ca2+. We attribute the observation to a slightly increased
ticles (Figure 2d). High-resolution TEM revealed a high crysquenching effect of Mn2+ to the luminescence of Tm3+ at the
tallinity of the core–shell nanoparticles. A measured d-spacing
interface between the core and the middle layer of the multiof the lattice fringes of ≈0.27 nm is in accordance with the
layer nanoparticles.[24]
lattice spacing in the (002) planes of the β-NaGdF4 (Figure S6a,
Based on our results and previous findings, we proposed a
Supporting Information). The core–shell–shell morphology
luminescence mechanism underlying the β-NaGdF4 upon Ca2+
of the as-prepared nanoparticles was further verified by Ca,
doping (Figure 3a). It was suggested that tetrahedrally (weak
Yb, and Gd elemental mapping (Figure S6b–d, Supporting
crystal field) and octahedrally (strong crystal field) coordinated
Information).
Mn2+ ions tend to give rise to green and orange-to-red emission,
Next, we compared steady emission profiles of the asrespectively.[25–28] We hypothesized that a continued increase in
prepared multilayer nanoparticles upon excitation at 980 nm
Ca2+ doping concentration might lead to variations in the crystal
(Figure 2e and Figure S7, Supporting Information). Notable
field around Mn2+ ions. To prove this, we performed extended
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Figure 2. a–d) TEM images of the UCNPs comprising NaGdF4:Ca/Mn(x/30 mol%)@NaGdF4:Yb/Tm(49/1 mol%)@NaYF4. e,f) Steady and timeresolved emission spectra of the core–shell–shell nanoparticles under excitation at 980 nm. g) Emission lifetime comparison of Mn2+ emissions
centered at 520 and 583 nm for NaGdF4:Ca/Mn(50/30 mol%)@NaGdF4:Yb/Tm(49/1 mol%)@NaYF4. The measurement was carried out in an aqueous
solution at room temperature. h) Decay luminescence imaging of the nanoparticles upon dynamic excitation at 980 nm (64 W cm−2). Note that the
samples were spin-coated on cardboard and then mounted onto a rotating motor operating at a spin-speed (ω) of 100 rpm for dynamic excitation.

X-ray absorption fine structure (EXAFS) measurement of
NaGdF4:Ca/Mn (x/30 mol%) nanoparticles (x = 5 and 40)
(Figure 3b). The results (Table S2, Supporting Information)
showed that the coordination number of Mn2+ increased from
4.1 to 5.9 with an increase in Ca2+ doping concentration. The
Mn2+ ions were found to be surrounded not only by 6 F− ions
but also by a Ca2+ ion. This arrangement may decrease the
Mn2+–Mn2+ (or Gd3+) interaction and allow an ultralong-lived
Mn2+ emission to be realized at 583 nm.

Adv. Optical Mater. 2019, 1900519

To provide insight into the crystal site change of Mn2+ ions
upon Ca2+ doping, we evaluated the formation energies of
different species, including CaY, CaNa, MnNa, and IF, in β-NaYF4
through density functional theory (DFT) calculation (Section S2,
Supporting information). The use of β-NaYF4 to replace
β-NaGdF4 in our simulation is because they have virtually
the same crystal structure. Also, the approximation can make
the calculation much easier due to the less quantity of Y valence
electrons, especially considering the formation of various defect
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Figure 3. a) Proposed luminescing mechanism of Mn2+ in β-NaGdF4 upon Ca2+ doping. High-level Ca2+ doping leads to an increase in the coordination
number of Mn2+ from 4 to 6, with a color change from green to yellow. b) EXAFS of Mn2+ in NaGdF4:Ca/Mn (x/30 mol%) NPs (x = 5, black line and
x = 40, red line). c,b) The optimized crystal structures of β-NaYF4:Mn at low and high Ca2+ doping levels from DFT calculation. The calculated results
provide substitution tendency of Mn2+ in β-NaGdF4 upon Ca2+ doping. Note that Na+, Y3+, Mn2+, and F− are in yellow, cyan, rosy, and grey, respectively.

complexes in the supercells. Importantly, We found that Ca2+
and Mn2+ dopants have the same substitution behavior in both
β-NaYF4 and β-NaGdF4 upon separated doping. At a low doping
level of Ca2+, Ca2+, and Mn2+ ions prefer to substitute Y3+ and
Na+ sites, leading to the formation of CaY and MnNa complexes
(Table S3, Supporting Information). Under such conditions, the
coordination number is optimized to be ≈4 by minimizing the
formation energy of the doubly doped system (Figure 3c). In
contrast, heavy doping of Ca2+ ions leads to a significant substitution of Na+ ions with Ca2+ (CaNa), alongside a preferential
replacement of Y3+ sites by Mn2+ (YMn). The charge neutrality is
maintained by the formation of F− vacancies during the substitution in the cell lattice. As such, the coordination number of
Mn2+ is then increased to ≈6 (Figure 3d). Taken together, these
experimental and calculation results support the applicability of
tuning UC luminescence of Mn2+ in β-NaGdF4 by Ca2+ doping
at the single-particle level.
To test the robustness of our strategy, other alkaline-earth
metals, such as Mg2+, Sr2+, and Ba2+, were used to replace Ca2+
in the multilayered NPs. The results showed that Mg2+ dopants
have the same ability to tune the color output of Mn2+ ions from
green to yellow (Figures S9–S11, Supporting Information).
However, other attempts were unsuccessful mostly because of
the poor stability of the core nanoparticles in the presence of
a massive doping level of Sr2+ or Ba2+ (40 mol%), imposing a
synthetic challenge for growing multishells (Figures S12–S14,
Supporting Information).
The integration of tunable long-lived Mn2+ UC emission and
other lanthanide emissions at a single-particle level enables the
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ease of creating multiple transient color elements for efficient
data storage. As a proof-of-concept demonstration, we compared the performance of our Mn2+-doped and conventional
UCNPs in data encoding (Figures S15 and S16, Supporting
Information). A set of 2D covert patterns were fabricated on
a card by making use of these nanoparticles as ink solutions
(Figure 4a). Upon steady irradiation (Figure 4b), the patterns
showed a characteristic color output of lanthanides (patterns i
and ii) or a mixed color of lanthanides and Mn2+ (patterns iii
and iv). Notably, the patterns ii, iii, and iv displayed a similar
whitish color readout as a result of a strong emission of Tm3+
from the nanoparticles. In contrast, dynamic excitation yielded
marked differences in the optical readout (Figure 4c).[29] We
only observed a main spot emission from pattern i made of
NaYF4:Yb/Er nanoparticles. Meanwhile, we observed a binary
timescale color codes from pattern ii (a bright spot and a tailed
emission) which were made of NaGdF4:Yb/Tm (49/1 mol%)@
NaGdF4:Eu (15 mol%) nanoparticles. Multicolored luminescence trajectories were observed from patterns iii and iv.
The luminescence trajectories can be essentially considered
as triple transient color codes based on the change in color
output from white to orange to yellow at different time intervals. The generation of such an optical scenario is a result of
gradual disappearance the emissions of Tm3+, Eu3+, and Mn2+
along the luminescence traces. This argument was manifested
by emission spectroscopy of points 1, 2, and 3 (Figure 4d).
These results highlight the flexibility in the creation of multiple transient color elements by making use of tunable Mn2+
luminescence.
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Figure 4. a) Demonstration of Ca2+, Mn2+-codoped multilayer nanoparticles for multilevel data encryption. a) Schematic representation of the creation
of 2D covert patterns on a card using different types of UCNPs. Note that the card was fixed on a spin-speed controllable rotor prior to performing
dynamic excitation. i) NaYF4:Yb/Er (20/2 mol%), ii) NaGdF4:Yb/Tm (49/1 mol%)@NaGdF4:Eu (15 mol%), iii,iv) NaGdF4:Ca/Mn (x/30 mol%)@
NaGdF4:Yb/Tm (49/1 mol%)@NaYF4:Eu (15 mol%), iii, x = 0, and iv, x = 50. b,c) Optical scenarios of the patterns generated upon steady (ω = 0 rpm,
6 W cm−2) and dynamic (ω = 500 rpm, 64 W cm−2) excitation. d) Emission profiles measured at different points (1, 2, and 3) along the luminescence
trajectory iv, as indicated in c.

In conclusion, we have developed a versatile method for
tuning the luminescence properties of Mn2+ in multilayer nano
particles through Ca2+ or Mg2+ doping. Elevation of the doping
levels of these metal ions can lead to an increase in the crystal
field around Mn2+ ions and thus enables the change in the color
output from green to yellow, accompanied by an increase in the
luminescence lifetime. The emergence of tunable long-lived,
upconverted Mn2+ emission provides an added temporal code
to broaden the application of conventional lanthanide-doped
UCNPs in data storage, bioimaging, and multiplexing.

Experimental Section
Experimental details and characterization of as-prepared core and
multilayer nanoparticles are available in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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