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ABSTRACT: Epitaxially growing a semiconductor shell on the surface of upconversion
nanocrystals to form a core/shell structure is believed to be a promising strategy to
improve the luminescent efficiency of lanthanide ions doped in particle cores and,
meanwhile, enriches the optical properties of the resulting nanocrystals. However, liquid-
phase synthesis of such core/shell-structured nanocrystals comprised of a lanthanide ion-
doped core and semiconductor shell remains challenging because of the chemical
incompatibilities between lanthanides and the most intermediate gap semiconductors. In
this context, the successful growth of ZnS shell on a KMnF3 core codoped with Yb3+/Er3+

ions is reported to enhance the upconversion luminescence of Er3+ ions. The underlying
core/shell formation mechanism is elucidated in detail combining the hard−soft acid−base
theory with structural analysis of the resulting nanocrystals. Quite unexpectedly, Mn2+

diffusion across the core/shell interface occurs during ZnS shell growth, giving rise to
Mn2+ emission from the ZnS shell. Thus, the resulting core/shell particles exhibited unique up/downconversion luminescence from
doped lanthanide metal ions and transition-metal ions, respectively. By manipulating the ion diffusion and shell growth kinetics, the
upconversion and downconversion luminescent performance of KMnF3:Yb,Er@ZnS nanocrystals are further optimized and the
related mechanisms are discussed. Further, temperature-dependent upconversion and downconversion photoluminescence
properties of KMnF3:Yb,Er@ZnS nanocrystals show potential for ratiometric luminescence temperature sensing.
KEYWORDS: core/shell nanoparticles, lanthanide, semiconductor, up- and downconversion luminescence, ratiometric temperature sensing

1. INTRODUCTION

Lanthanide-doped upconversion nanoparticles (UCNPs) have
aroused intense interest because of their ability to convert low-
energy near-infrared (NIR) photons into light with sharp
“atomic-line” emissions from the internal f−f transitions of
lanthanide ions1,2 and thus are potentially useful for
bioimaging and biosensing,3,4 photodynamic therapy,5,6 photo-
catalysis,7,8 and so on. However, their versatile applications are
obviously hindered by the low upconversion (UC) lumines-
cence efficiency owing to the low absorption cross section of
lanthanide ions apart from the ubiquitous surface-quenching
effect.9 Different strategies have been developed to improve
the luminescence of UCNPs including host-lattice manipu-
lation,10 energy transfer modulation,11 surface passivation,12,13

surface plasmon coupling,14 dye sensitization,15 and photonic
crystal engineering.16 Among all these approaches, surface
passivation via the construction of core/shell structures is most
widely adopted.17,18 Normally, an identical material is used to
grow a shell on cores doped with emitting lanthanide ions, for
example, NaYF4:Yb,Er/Tm@NaYF4

19 and NaGdF4:Yb,Er@
NaGdF4,

20 to suppress the transfer of excitation energy from
the emitting core to the surface and surrounding environ-
ment.21,22 However, in such well-established core/shell
structures, the shell itself in most cases does not show any
luminescence.

Besides enhancing the UC emission, the core/shell structure
can, in principle, be utilized to enrich the properties of
lanthanide-doped cores by properly choosing functional shell
materials such as magnetic materials,23 plasmonic metals,24 or
semiconductors.25 These materials may endow lanthanide-
doped nanoparticles with unprecedented performance, which
can hardly be achieved by a single component, thus offering
opportunities to achieve fascinating and innovative light-
emitting materials. Some efforts were made to synthesize the
UCNP/semiconductor hybrid structure in order to enrich and
manipulate the photophysical properties of UCNP nano-
particles. Until now, the following strategies have been
explored to realize versatile UCNP/semiconductor hybrid
structures, for example, assembling preformed particles via
weak interparticle interactions,26 bridging preformed particles
via chemical bonds,27 and epitaxially growing a different
component on the preformed particle of a given compo-
nent.28−30 Among these strategies, the former two approaches
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generally lead to relatively large but less stable particles that
may be disassembled under certain conditions. The latter one
can give rise to stable and controllable core/shell structures,
which is very important for achieving reliable optical
performance, meanwhile disclosing the interplay between the
core and shell.
Hetero-epitaxial growth refers to the deposition of a

crystalline material on the surface of another crystalline
substrate with identical crystalline orientations. It has been
demonstrated to be an effective approach for forming hybrid
nanostructures with high-level controls over the composition,
relative arrangement, exposed crystalline facet, and interface.31

It thus facilitates the interplay between two domains to bring
about unexpected physical properties. The hetero-epitaxial
growth was employed to construct UCNP/semiconductor
hybrid structures as well. For instance, UCNPs coated with
metal oxide semiconductors, for example, NaYF4:Yb,Tm@
TiO2

32,33 and NaYF4:Yb,Tm@ZnO,34 were reported for NIR
light-triggered photocatalysis and photodynamic therapy,
respectively. More complicated multishell-structured YbF3@
InP@YxLn1−xF3@LuF3 nanoparticles were also reported for
sensitizing Yb3+ emission from the inner core with InP
intermediate shell.35 Nevertheless, the shell semiconductors
are largely chosen from metal oxides and metal phosphides
because O2− or P3− anions occurring as hard bases have a
strong chemical affinity to Ln3+ ions that are classified as hard
acids according to the hard−soft acid−base (HSAB) theory. In
this context, it is challenging to grow transition-metal
chalcogenide (TMC) semiconductor (e.g., ZnS, CdS, CdSe,
CdTe, and so on) shell on UCNP particles, as chalcogen ions,
particularly referring to S2−, Se2−, and Te2− ions, which belong
to soft bases and prefer to bind with transition-metal ions that
are soft or borderline acids to form semiconductors rather than
Ln3+ ions.36

However, most TMCs as semiconductors exhibit a wide
range of absorption and tunable band gap energy to meet
versatile applications in optoelectronic sensors, energy harvest-
ing, field transistor engineering, and biodetection.37,38

Although some efforts have been dedicated to construct
UCNP/metal chalcogenide core/shell nanomaterials, yet
heterostructured particles rather than conformal core/shell
counterparts are often obtained. For example, growing CdSe
on the surface of NaYF4:Yb,Er seeds gave rise to a satellite-like
heterostructure.39 Similarly, other nanomaterials such as
NaGdF4:Yb,Er/ZnS:Mn nanocomposites,40 NaYF4:Yb,Tm/
CdS nanoheterostructures,41 and UCNP/ZnCdS42 and
UCNP−CuS yolk−shell nanoparticles29 were also reported.
In addition, in the abovementioned systems, the intensity of
the UC luminescence (UCL) of UCNPs was decreased by
different degrees upon the formation of heterostructures.
Therefore, it remains interesting to explore suitable material
systems to form well-defined core/shell UCNP@TMC nano-
particles with enhanced and enriched photophysical properties.
Recently, KMnF3 was found to be a suitable host for

lanthanide ions.43,44 Because Mn2+ is near the hard−soft
borderline according to HSAB theory and possesses a higher
affinity to chalcogen ions than lanthanide ions, it is therefore
reasonable to hypothesize that Mn2+ may bridge the
lanthanide-doped UCNPs with TMCs to form UCNP/TMC
core/shell particles. Zn2+ is a border-lined acid, and ZnS has
been relied on as the most commonly used wide band gap
semiconductor material to improve the luminescence of
semiconductor quantum dots.45 Until now, to the best of

our knowledge, there is no report on the epitaxial growth of
ZnS shells on lanthanide-doped UCNPs. Following the
previous investigations on the preparation of the lanthanide-
doped UCNPs46 and semiconductor nanocrystals,47 herein, we
reported the preparation and optical studies on
KMnF3:Yb,Er@ZnS core/shell-structured nanoparticles, in
which KMnF3 served as the host for lanthanide-emitting ions
and ZnS as the surface passivation layer. The resulting
KMnF3:Yb,Er@ZnS nanocrystals exhibited not only enhanced
UCL from the cores but also surprising downconversion
emission of Mn2+ ions. The underlying core/shell formation
mechanism was investigated, and the effects of shell growth
kinetics on the optical properties were also investigated for
properly balancing the up/downconversion luminescent
performances. Furthermore, the temperature-dependent up/
downconversion photoluminescence (PL) of the resultant
KMnF3:Yb,Er@ZnS nanocrystals was investigated for explor-
ing their potential dual-mode thermal-sensing capability.

2. EXPERIMENTAL SECTION
Chemicals. Lanthanide trinitrate pentahydrate [Yb(NO3)3·5H2O,

Er(NO3)3·5H2O, >99.9%], oleic acid (>90%), oleylamine (>70%),
and 1-octadecene (>90%) were purchased from Sigma-Aldrich.
Lanthanide chloride hexahydrate (YbCl3·6H2O, ErCl3·6H2O, YCl3·
6H2O, >99%) were purchased from China Rare Earth Online Co. Ltd.
1-Dodecanethiol (98%), zinc stearate [Zn(St)2, Zn 10−12%], and
potassium fluoride (KF, >99%) were purchased from Aladdin.
Manganese acetate tetrahydrate (Mn(Ac)2·4H2O, AR) was purchased
from Sinopharm Chemical Reagent Co., Ltd, Beijing. Other analytical
grade chemicals such as ethanol (AR), cyclohexane (AR), and acetone
(AR) were purchased from Beijing Chemical Works. All reagents were
used as received without further purification.

Synthesis of KMnF3:Yb,Er Core Nanocrystals. The
KMnF3:Yb,Er nanocrystals were prepared by a method modified
from the literature method.44 Typically, Mn(Ac)2·4H2O (0.64 mmol),
Yb(NO3)3·5H2O (0.144 mmol), and Er(NO3)3·5H2O (0.016 mmol)
were added into a mixture of oleylamine (3 mL), oleic acid (3 mL),
and 1-octadecene (14 mL) in a 100 mL flask at the room temperature.
The resulting mixture was then heated to 120−150 °C under vacuum
and then kept for 1 h to obtain a homogeneous yellowish solution. A
methanol solution of 4 mL containing KF (2.4 mmol) was added
dropwise after the solution was cooled down to room temperature.
The mixture was stirred for 12 h at 40 °C to ensure nucleation. After
that, the mixture was heated to 80 °C to remove methanol under
vacuum and was then purged with nitrogen for 5 min. Subsequently,
the reaction temperature was raised to 250 °C rapidly and maintained
for 30 min under a nitrogen atmosphere. Finally, the reaction was
cooled to room temperature. The as-prepared nanoparticles were
precipitated by acetone and ethanol, collected by centrifuging for
several cycles, and then redispersed in cyclohexane for further use.

Synthesis of KMnF3:Yb,Er@ZnS Core/Shell Nanocrystals.
The KMnF3:Yb,Er nanoparticles as the core are then coated with ZnS
through a thermal decomposition approach in 1-dodecanethiol that
serves as the sulfur source and the particle surface-capping ligand as
well as the high boiling point solvent. In a typical preparation, 0.16
mmol of KMnF3:Yb,Er nanoparticles dispersed in 5 mL of
cyclohexane was added into 15 mL of 1-dodecanethiol, and the
resulting mixture was heated to 80 °C under vacuum to remove
cyclohexane. Subsequently, after the reaction solution was cooled
down to room temperature, 0.5 mmol of Zn(St)2 was introduced. The
reaction mixture was heated to 120 °C under vacuum until it turned
colorless and was then purged with nitrogen for 10 min. After that, the
reaction system was heated to 230 °C rapidly and maintained for
different times under a nitrogen atmosphere. Finally, the reaction was
ended and the mixture was cooled to room temperature. The resulting
KMnF3:Yb,Er@ZnS nanoparticles were precipitated by acetone,
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collected by centrifugation for several cycles, and then redispersed in
cyclohexane.
To manipulate shell thickness and its growth kinetics, four more

experiments were carried out in parallel: (1) by introducing either
0.17 mmol or 1 mmol instead of 0.5 mmol Zn(St)2 for producing
thinner or thicker ZnS shell; (2) by adjusting reaction temperatures to
either 210 or 250 °C instead of 230 °C for ensuring slower or faster
shell growth kinetics following the procedures mentioned above.
Pretreatment of KMnF3:Yb,Er Nanocrystals. The pretreatment

of KMnF3:Yb,Er cores was conducted before ZnS coating.
KMnF3:Yb,Er nanoparticles (0.16 mmol) dispersed in cyclohexane
was added into 15 mL of 1-dodecanethiol and heated to 80 °C under
vacuum to remove cyclohexane. After that, the solution was heated to
200 °C and kept for 30 min under a nitrogen atmosphere. Then, the
solution was cooled down to room temperature.
Synthesis of NaYF4:Yb,Er Nanocrystals. Synthesis of the

lanthanide-doped NaYF4 nanoparticles is similar to that of
KMnF3:Yb,Er. Typically, YCl3·6H2O (0.8 mmol), YbCl3·6H2O
(0.18 mmol), and ErCl3·6H2O (0.02 mmol) were added into a
mixture of oleic acid (14 mL) and 1-octadecene (16 mL) in a 100 mL
flask at room temperature. The resulting mixture was then heated to
120−150 °C under vacuum and then kept for 1 h to obtain a
homogeneous yellowish solution. A methanol solution of 10 mL of
NH4F (4 mmol) and NaOH (2.5 mmol) was added after the solution
was cooled down to room temperature. The mixture was stirred for 1
h at 40 °C to ensure nucleation. After that, the mixture was heated to
80 °C under vacuum to remove methanol and was then purged with
nitrogen for 5 min. Subsequently, the reaction temperature was raised
to 270 °C rapidly and kept for 60 min under a nitrogen atmosphere.
Finally, the reaction was ended, and the mixture was cooled to room
temperature. The as-prepared NaYF4:Yb,Er nanoparticles were
precipitated by ethanol, collected by centrifuging for several cycles,
and then redispersed in cyclohexane.
Characterization. The transmission electron microscopy (TEM)

and high-resolution TEM (HRTEM) were carried out with Hitachi
7700 and JEM 2100F microscopes operating at 120 and 200 kV,
respectively. Powder X-ray diffraction (XRD) patterns were recorded
from a Rigaku D/Max-2500 diffractometer under Cu Kα radiation.
Electron diffraction (ED) patterns were obtained from a JEM-
1r00CXII electron microscope at an acceleration voltage of 100 kV.
UV−vis absorption and steady-state PL spectra were recorded on a
Cary 50 UV−Vis spectrophotometer and a Cary Eclipse Fluorescence
spectrophotometer at room temperature, respectively. All PL
intensities have been normalized by Yb concentration determined
by inductively coupled plasma-atomic emission spectrometry (ICP-

AES) analysis. Downconversion luminescence (DCL) decay curves
were recorded on an FLS980 fluorescence spectrometer under an
excitation of 325 nm. UCL decay curves were recorded on a DeltaFlex
UltraFast lifetime spectrofluorometer under excitation of 980 nm laser
(1 W). Concentration of Mn2+, Yb3+, and Er3+ from nanoparticles was
determined by ICP-AES methods on iCAP 6300. Thermogravi-
metric/differential thermal analysis (TG/DTA) was carried out with a
TG-DTA6300 simultaneous thermal analyzer under a nitrogen
atmosphere at a heating rate of 10 °C/min. A high-angle annular
dark-field (HAADF−STEM) image and energy-dispersive spectros-
copy (EDS) elemental mapping images were taken from a JEM
ARM200F spherical aberration-corrected transmission electron
microscope operating at an accelerating voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) was performed on the Thermo
Scientific ESCALAB 250XI using 200 W monochromated Al Kα
radiation, and the 500 μm X-ray spot was used for XPS analysis.

3. RESULTS AND DISCUSSION
Epitaxial Growth of the ZnS Shell on KMnF3:Yb,Er

Cores. The prepared KMnF3:Yb,Er@ZnS nanoparticles were
characterized by TEM and X-ray diffractometry. As displayed
in Figure 1a,b, the as-prepared KMnF3:Yb,Er particles are
quasi-spherical with an average size of 5.5 ± 1.2 nm. The
following growth of ZnS increases the particle size up to 7.3 ±
1.0 nm. To exclude possible effects of Ostwald ripening on this
size variation, the KMnF3:Yb,Er core particles were treated by
the same procedures as those for growing ZnS shell except that
no Zn precursor was introduced. The TEM results given in
Figure S1 revealed that the particle size of KMnF3:Yb,Er cores
hardly varied throughout the whole preparative procedures.
Moreover, ZnS nanoparticles (Figure S2) prepared in the
absence of KMnF3:Yb,Er cores, according to the synthetic
procedures for growing ZnS shell, were much smaller than
those shown in Figure 1b. All these evidence suggest that ZnS
is successfully grown on the surface of KMnF3:Yb,Er cores,
which is also supported by the fact that the relative standard
deviation of the particle size is decreased from 21.8 to 13.7%
after ZnS coating, as shown in Figure 1c, contrary to the typical
tendency caused by Ostwald ripening.48

XRD (Figure 1d) and ED (Figure S3) results on
KMnF3:Yb,Er particles coated with ZnS indicate the
coexistence of cubic KMnF3 and zinc-blende ZnS phases.

Figure 1. TEM images of KMnF3:Yb,Er (a) and KMnF3:Yb,Er@ZnS (b), corresponding histograms of the nanoparticles (c), XRD patterns (d),
HRTEM images of KMnF3:Yb,Er (e) and KMnF3:Yb,Er@ZnS (f), together with a schematic drawing for showing the growth of the ZnS shell on
the KMnF3:Yb,Er core (g).
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Further high-resolution TEM results reveal that the as-
prepared KMnF3:Yb,Er cores are nanocrystals with lattice-
plane distances of 0.292 and 0.412 nm (Figure 1e), matching
perfectly with the d spacings of the (110) and (100) planes of
cubic KMnF3, that is, 0.296 and 0.419 nm, respectively. After
ZnS surface coating, the lattice distance for KMnF3(110) and
(100) is very slightly increased to 0.294 and 0.416 nm (Figure
1f), respectively, which indicates that there is almost no change
occurring to the inside cores after the shell growth. However,
the marginal area of the nanocrystals with a relatively lower
contrast presents an increased interplanar spacing up to 0.314
nm (Figure 1f), which well matches the d spacing of the
ZnS(111) plane, suggesting that the ZnS shell epitaxially grows
on the surface of the KMnF3 core with its (111) planes being
parallel to (110) planes of the latter, as proposed in Figure 1g,
because the mismatch between KMnF3(110) and ZnS(111) is
∼5%. Because the contrast of ZnS is much lower than that of
KMnF3:Yb,Er, the two-dimensional projection of the three-
dimensional KMnF3:Yb,Er@ZnS crystal lattices is dominated
by that of KMnF3:Yb,Er in the particle core area. Given the
thickness to be 0.312 nm for single monolayer ZnS, the ZnS
shell on the KMnF3:Yb,Er@ZnS particles roughly contains 3−
4 monolayers. Further, epitaxial growth of the ZnS shell on the
KMnF3:Yb,Er cores can also be characterized by EDS
elemental mapping results of KMnF3:Yb,Er@ZnS, as shown
in Figure S4. In addition, the valency of the Mn ion in
KMnF3:Yb,Er remains as +2 during the shell-coating process,
which can be characterized by a large multiplet splitting (6.43
eV) of Mn 3s peaks caused by coupling of nonionized 3s
electrons with 3d valence-band electrons49 from the XPS
analysis of KMnF3:Yb,Er and KMnF3:Yb,Er@ZnS nano-
particles (Figure S5).
Regarding the epitaxial growth of ZnS on the surface of

KMnF3:Yb,Er, it was hypothesized that Mn2+ played an
important role as it possesses a relatively high affinity to
chalcogen ions. To verify this hypothesis, the same coating
procedure was applied to coat cubic NaYF4:Yb,Er nano-
particles of 4.4 ± 0.9 nm, as shown in Figure 2a, with ZnS. The
TEM results given in Figure 2b, however, show that a large
proportion of smaller particles appear after ZnS coating,
decreasing the average particle size down to 3.8 ± 1.1 nm
(Figure 2c). The possible influence of the Ostwald ripening
effect on the size variation of NaYF4:Yb,Er particles was ruled
out as the size of NaYF4:Yb,Er particles treated with the same
preparative procedures for the growing ZnS shell, except that
no Zn precursor was introduced, remained nearly unchanged,
as shown in Figure S6. Combined with the results of ZnS
particles formed in the absence of particle cores (Figure S2), it
can be concluded that NaYF4:Yb,Er cannot serve as seeds to
form NaYF4:Yb,Er@ZnS core/shell particles even though the
lattice mismatch between cubic NaYF4 (a = b = c = 5.40 nm,
JCPDS 01-0792) and ZnS (a = b = c = 5.45 nm, JCPDS 06-
0342) is very small (Figure 2d). All the abovementioned
results indicate that strong enough interactions between two
types of nanocrystals are vital for forming heterostructured
materials apart from mutual matching of the crystalline phases
and lattice constants.
According to the theory of Klopman, the softness of a cation

can be presented by En
≠, which is defined as its intrinsic

quantity50 and will increase with the decrease of En
≠. The En

≠ of
Mn2+ is of 0.69 eV, much lower than that for La3+ (i.e., 4.51
eV), which positions Mn2+ near the soft−hard borderline.51

Therefore, it is reasonable to expect that Mn2+ binds with S2−

for epitaxially growing ZnS on the surface of KMnF3, as
schematically shown in Figure 2e. To provide evidence on the
existence of Mn−S bonding on the surface, KMnF3:Yb,Er
cores were pretreated in 1-dodecanethiol at 200 °C for 30 min
without introducing Zn precursors. The UV−vis absorption
spectroscopy results are shown in Figure 2f, which reveal that a
broad absorption band between 250 and 300 nm appears after
heat treatment, indicating the formation of MnS.52,53

Optical Properties of KMnF3:Yb,Er@ZnS Nanopar-
ticles. It is interesting to know the impact of ZnS coating
on the optical properties of the core/shell particles. Before ZnS
coating, KMnF3:Yb,Er particles exhibit a PL band centered
around 655 nm upon 980 nm excitation because Mn2+ ions are
populated to the excited state (4T1) via energy transfer from
2H9/2 and

4S3/2 levels of Er
3+ ions under excitation; then, the

excited electrons are nonradiatively relaxed to the 4F9/2 state of
Er3+, followed by radiative transition to 4I15/2 of the Er3+ ion,
giving rise to a 655 nm emission,43,44 as shown in Figure S7.
After ZnS coating, the UCL intensity of the 655 nm PL band
of KMnF3:Yb,Er cores is enhanced by a factor of 6.0, as shown
in Figure 3a, suggesting that introduction of the ZnS shell
efficiently suppresses the surface-quenching effect. To rule out
the possible structural consolidation effects in terms of
annealing of the lattice or changes in surface states of
KMnF3:Yb,Er cores on UCL as a consequence of the heating
process, the starting particle seeds were treated with the same
procedure as those for coating the ZnS shell except that no Zn
precursor was introduced. Although the UCL intensity of
KMnF3:Yb,Er seeds was also enhanced, as shown in Figure S8,
the enhancement factor is only of 1.7, remarkably smaller than

Figure 2. TEM images of NaYF4:Yb,Er (a) and those obtained after
ZnS coating (b), corresponding histograms (c) and XRD patterns (d)
of particles shown in a and b, a schematic drawing showing the surface
Mn−S bonds bridging ZnS and the underlying KMnF3 core (e), and
UV−vis absorption spectra (f) of KMnF3:Yb,Er nanoparticles
recorded before and after treatment in dodecanethiol.
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that obtained upon ZnS shell coating. In fact, the UCL of
lanthanide ion-doped nanoparticles is very sensitive to the
particle surface as well as chemical environments, as the latter
can form nonradiative recombination channels for dissipating
the excited state energy of lanthanide ions. In principle, Yb3+

ions are widely used owing to the large absorption cross
section at 980 nm to sensitize the UCL of Er3+ ions, but Yb3+

ions located at the particle surface also participate in energy
transfer to the surroundings.36,54 Therefore, it is reasonable to
propose that the ZnS shell improves the UCL of lanthanide
emitters by effectively suppressing the surface-quenching
effects.
Time-resolved PL measurements were then carried out to

disclose the influence of surface states on UCL of the core/
shell particles. Figure 3b shows the UCL decay curves of
KMnF3:Yb,Er and KMnF3:Yb,Er@ZnS for comparison.
Apparently, both samples present decays that were well-fitted
by a two-exponential function. The detailed fitting results are
given in Table S1. In brief, ZnS coating increased the average
lifetime τavg of UCL from 381.9 to 474.6 μs, indicating a
reduction of the nonradiative decay rate. Moreover, the fast
recombination component strongly associated with particle
surface Yb3+ ions that increase the nonradiative relaxation rate
by coupling with solvent or ligand vibrations36,54 is obviously
suppressed. The decay lifetime of the fast recombination
component (τ1) is increased from 165.0 to 285.2 μs, and the
corresponding component amplitude is decreased from 84 to
75%. The abovementioned results suggest that the formation

of the KMnF3:Yb,Er@ZnS core/shell structure enhances UCL
by suppressing the surface-related fast decay channel (Figure
3a).
Quite unexpectedly, the resulting core/shell particles also

exhibit a strong DCL of Mn2+ under UV excitation, as shown
in Figure 3c. The appearance of this emission locating around
590 nm with the excitation peaking at 325 nm indicates that
Mn2+ states are residing within the band gap of the ZnS host,
which enables the radiative transition from the first excited
state 4T1 to the ground-state 6A1 of Mn2+.55 The transient
behavior of this PL observed at 590 nm further supports the
abovementioned explanation. The PL decay curve of
KMnF3:Yb,Er@ZnS nanoparticles given in Figure 3d was
fitted by a three-exponential function, with detailed parameters
given in Table S2. The relatively slow recombination
components showing lifetimes of 1836.2 μs (τ3) and 351.5
μs (τ2) can be attributed to the emission process of single
isolated Mn2+ ions in a cubic ZnS matrix and exchange-coupled
Mn2+ pairs, respectively, whereas the fastest decay component
(τ1 = 60.7 μs) may be associated with nonradiative decay or
the emission process of Mn2+ ions with an enhanced overlap
between 3d states of Mn2+ and sp states of ZnS caused by
lattice strain.52,56 All these results suggest that Mn2+ ions can
diffuse from the KMnF3 core into ZnS developing a Mn-doped
ZnS shell.
To investigate the impact of ZnS shell growth on the optical

properties of the core/shell particles, the temporal evolutions
of both DCL and UCL were recorded as a function of shell
growth time. As shown in Figure 3e, the DCL intensity exhibits
a nonmonotonic trend against the shell growth time. It appears
after 30 min of shell growth and then quickly increases in
intensity reaching the maximum after 90 min and thereafter
starts to decrease. The unexpected appearance and initial
increase of Mn2+ emission can be attributed to Mn2+ doping
into the ZnS lattice. It is noticeable that the initial DCL
enhancement was accompanied by slight redshifts in the PL
peak position, which is consistent with the redshifts of the
excitation peak position, as shown in Figures S9 and S10.
These redshifts can be attributed to the fact that the crystal
field for the Mn2+ dopant becomes more and more symmetric
as the ZnS shell grows thicker and to the increasing number of
exchange-coupled Mn2+ pairs as the concentration of Mn2+

dopants rises.52,56 The temporal evolution of the excitation
peak position shown in Figure S8 further suggested that the
shell growth stopped approximately 180 min after the shell
growth was initiated, supported by evidence from the TEM
images of KMnF3:Yb,Er@ZnS nanoparticles of different
growth times that show the size evolution (Figure S11) and
the evolution of the Zn/(Mn + Er + Yb) molar ratio in
KMnF3:Yb,Er@ZnS nanoparticles (Figure S12). The DCL
intensity decreases before the ZnS shell growth stops; this can
be attributed to the additive effects of Mn2+ diffusion across
the ZnS shell to the surface of the core/shell particles57,58 and
enhanced Mn−Mn interactions due to the increasing amount
of Mn2+ in the ZnS lattice.59 The surface Mn2+ ions increase
the nonradiative relaxation rate,58,59 which can be seen by the
gradually shortened average lifetime of DCL according to the
decay curves of KMnF3:Yb,Er@ZnS particles obtained at
different shell growth time points, for example, from 1562 μs
(30 min) to 800 μs (300 min), as shown in Figure S13, and the
corresponding fitting results are displayed in Table S2. In the
meantime, the increasing amount of Mn2+ dopants diffusing
continuously from the KMnF3 core into the ZnS shell results in

Figure 3. Steady-state UCL spectra (a) and UCL decay curves (b)
recorded under 980 nm laser excitation, steady-state DCL spectra
with corresponding PL excitation (dashed line) spectra (c) recorded
under 325 nm excitation of KMnF3:Yb,Er recorded before and after
coated with ZnS (inset of frame a: photographs of the
KMnF3:Yb,Er@ZnS colloidal solution captured under room light or
in dark under 980 nm laser excitation; the inset of frame (c): a
photograph of the KMnF3:Yb,Er@ZnS colloidal solution captured in
dark under excitation of 325 nm), together with a DCL decay curve
(d) of KMnF3:Yb,Er@ZnS, temporal DCL and UCL intensities (e)
recorded during the growth of the ZnS shell, and Mn/Yb and Er/Yb
ratios (f) in KMnF3:Yb,Er@ZnS nanoparticles as a function of coating
time.
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stronger Mn−Mn interactions, that is, exchange-coupled Mn2+

pairs, and thus decrease the quantum yield of Mn2+ emission.59

Apart from these two effects that are unfavorable for DCL,
Mn2+ ejection due to lattice self-purification58,60 was also
observed, which leads to the loss of emissive Mn2+ in the ZnS
shell. As shown in Figure 3f, the Mn/Yb molar ratio decreases
gradually during shell growth, whereas the Er/Yb molar ratio
keeps nearly unchanged. To exclude the possible loss of Mn2+

by dissolution of KMnF3:Yb,Er under the shell growth
conditions, KMnF3:Yb,Er core particles were treated under
exactly the same experimental conditions except that no Zn
precursor was introduced. It was confirmed that the molar ratio
of Mn/Yb in the resulting KMnF3:Yb,Er cores was nearly
unchanged (Figure S14), indicating that the loss of Mn2+

owing to ZnS lattice ejection is also one of the reasons for
DCL to decrease. Because of all the abovementioned
unfavorable effects, the DCL decreases dramatically after
reaching its maximum intensity.
Regarding UCL, it falls slightly and gradually in intensity

after the initial enhancement because of ZnS coating, as shown
in the bottom frame of Figure 3e, which can also be explained
by Mn2+ diffusion that gives rise to a distorted KMnF3 host
structure owing to the loss of Mn2+ ions. In consequence, the
energy transfer process between the host (Mn2+) and the UCL
dopant (Er3+) becomes slightly unfavorable, leading to a
gradual decrease in the UCL intensity. Nevertheless, the UCL
intensity of KMnF3:Yb,Er nanoparticles remains 3.5 times
higher than that of the uncoated cores after 300 min of shell
growth, demonstrating that the ZnS shell can effectively
suppress the surface-quenching effect on Er-based UCL.
Mn2+ Diffusion from the KMnF3:Yb,Er Core into the

ZnS Shell. To figure out why Mn2+ ions from KMnF3:Yb,Er
are able to diffuse into the ZnS lattice during shell growth,
TG/DTA was carried out to determine the Tammann
temperature of KMnF3:Yb,Er and ZnS nanocrystals. The
Tammann temperature is defined as the temperature at which
crystal lattice begins to appreciably be mobile during heating or
annealing, which approximately equals to half of the melting
point (Tm) of the solid crystal for salt compounds.61 For
nanocrystals, one interesting phenomenon is the size-depend-
ent melting point depression, which means small particles have
a lower Tm than large counterparts because of the increased
proportion of atoms on the surface or at the interface.62,63 The
TG results given in the upper part of Figure 4a reveal that

there is only one stage of weight loss occurring in the
temperature range of 350−490 °C, which can reasonably be
assigned to the decomposition of organic ligands. In addition,
the DTA curve shows a broad and faint endothermic peak in
the same temperature range. However, the maximum of the
endothermic peak is located at 463 °C, nearly the end of the
weight loss stage. Therefore, it is more reasonable to assign this
endothermic peak to the phase transition of KMnF3:Yb,Er
particles rather than ligand decomposition. Thus, the
Tammann temperature of KMnF3:Yb,Er particles is estimated
to be 231.5 °C, corresponding to half of the endothermic peak
temperature, that is, 463 °C, suggesting that the lattice of
KMnF3:Yb,Er nanoparticles becomes mobile to enable cation
diffusion during the ZnS-coating process. Similar to
KMnF3:Yb,Er nanoparticles, the ZnS nanoparticles also exhibit
one stage of weight loss in the temperature range of 245−385
°C according to the TG curve shown in the lower part of
Figure 4a. However, the DTA curve shows two endothermic
peaks at 329 and 365 °C, respectively. The first one can well be
assigned to the weight loss caused by ligand decomposition.
The second peak is however reasonably assigned to the phase
transition of ZnS with Tm being around 365 °C. Thus, the
Tammann temperature of ZnS nanoparticles is estimated to be
182.5 °C, indicating that the lattice of the ZnS shell is also
mobile during the ZnS-coating process. To experimentally
demonstrate it, the crystalline structures of KMnF3:Yb,Er@
ZnS particles obtained by different shell growth times were
determined by XRD to show the impact of the ZnS shell. As
expected, the diffraction intensities of ZnS peaks become more
dominant and narrowed when the ZnS shell is being thickened,
as shown in Figure 4b. In the meantime, the ZnS(111) peak
gradually shifts to lower angles against prolonged shell growth
time, suggesting that Mn2+ ions diffuse into ZnS while it is
growing. However, the KMnF3 (110) peak remains nearly
unchanged with respect to the position and width, suggesting
that the diffusion of Zn2+ into KMnF3 cores is much weaker to
compensate the loss of Mn2+ in the cores. Therefore, only
limited fractions of Mn2+ ions were eventually pumped out of
the core/shell particles.

Manipulation of Mn2+ Diffusion and Shell Growth
Kinetics. All the abovementioned results indicate that cation
diffusion plays an important role in the optical properties of
the core/shell particles. It is therefore interesting to modulate
cation diffusion to obtain KMnF3:Yb,Er@ZnS nanoparticles
with improved optical properties. First, the impact of the Zn/
Mn ratio was studied. Apart from the series of KMnF3:Yb,Er@
ZnS samples prepared with a Zn/Mn ratio of 3.9, as shown in
Figure 3e, two additional series of core/shell particles with
varied Zn/Mn ratios were prepared. According to the Zn/Mn
ratio, these three series of samples are denoted as Series 1 (Zn/
Mn ratio = 1.3), Series 2 (Zn/Mn ratio = 3.9), and Series 3
(Zn/Mn ratio = 7.8), in the following discussion. The
temporal DCL and UCL spectra of the resulting
KMnF3:Yb,Er@ZnS nanoparticles were recorded while ZnS
was growing and are shown in Figure S15. The evolutions of
DCL and UCL intensities are shown in Figure 5a. Similar to
Series 2 samples, Series 1 and Series 3 samples also display
nonmonotonically varied DCL, while UCL keeps decreasing
after the initial enhancement because of ZnS coating. However,
the DCL peak intensity is generally increased against the Zn/
Mn ratio because thicker ZnS shell is grown with a higher Zn/
Mn molar ratio to host more Mn2+ ions, which is supported by
the stronger redshifted excitation peak position observed with

Figure 4. TG/DTA curves (a) of KMnF3:Yb,Er (upper) and ZnS
(lower) nanoparticles overlaid with derivative curves of corresponding
TG curves shown as dotted lines and XRD patterns (b) of
KMnF3:Yb,Er@ZnS obtained at different shell growth time points
overlaid with fitting curves of ZnS(111) and KMnF3(110) peaks.
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the increased Zn/Mn ratio (Figure S16). Moreover, it can be
observed that the time needed for KMnF3:Yb,Er@ZnS to
reach the DCL peak intensity becomes shorter when
comparing Series 3 with Series 2, which can be attributed to
faster growth of ZnS at a higher Zn/Mn molar ratio. However,
the DCL peak of Series 1 is not obvious, probably because the
ZnS shell is so thin that Mn2+ ions are quickly diffusing across
the ZnS shell to reach the particle surface, largely
compensating the positive contribution of ZnS to DCL. In
other words, the variation of DCL is a result of shell growth
and Mn2+ diffusion. Unexpectedly, Mn2+ ejection is enhanced
by increasing the Zn/Mn molar ratio, as shown in Figure 5b,
which can be understood by the fact that thicker ZnS shell
hosts more Mn2+ ions. Besides, high concentration of Zn
precursors in reaction solution that can combine with ejected
Mn2+, reducing the concentration of free Mn2+, may also
accelerate the Mn2+ ejection.
Regarding UCL shown in Figures 3e and 5a, the effects of

the Zn/Mn ratio on the intensity of UCL are a little
complicated. Before the ZnS shell reaches its maximum
thickness, the impact of Zn/Mn on UCL is less evident than
that after the ZnS shell is completely formed. For example, the
UCL intensity of Series 2 samples is nearly unchanged against
shell growth time, whereas that of Series 3 is almost diminished
after 180 min of shell growth. This is probably because thicker
ZnS shell extracts more Mn2+ ions from the KMnF3:Yb,Er
cores leading to host distortions unfavorable for UCL. Thus, it
can be summarized that a higher Zn/Mn ratio leads to faster
growth and higher thickness of the ZnS shell, enhancing the
DCL intensity of KMnF3:Yb,Er@ZnS but reducing the UCL
intensity.
Apart from the Zn/Mn ratio, the impact of shell-coating

temperature on the optical properties of KMnF3:Yb,Er@ZnS
nanoparticles was studied, for which two additional core/shell
particle samples were prepared under different shell-coating
temperatures, for example, 210 °C (Series 4) and at 250 °C
(Series 5). In addition, the Zn/Mn ratio was fixed at 3.9. The

temporal DCL and UCL spectra of the resulting
KMnF3:Yb,Er@ZnS nanoparticles were recorded and are
shown in Figure S17, and the evolution profiles are shown in
Figure 5c. Different from Series 2, the intensities of DCL and
UCL of Series 4 increase, whereas those of Series 5 decrease
against the shell growth time. This suggests that a higher
temperature is favorable for fast diffusion and follow-up
evacuation of Mn2+ ions from ZnS, thus unfavorable for both
DCL and UCL. In contrast, the diffusion of Mn2+ ions is
greatly slowed down at 210 °C. More importantly, the results
given in Figure 5d suggests that decreasing the shell growth
temperature can suppress the lattice ejection of Mn2+, which is
favorable for both DCL and UCL of the KMnF3:Yb,Er@ZnS
nanoparticles.
As discussed before, the existence of Mn−S bonding on the

surface of the KMnF3:Yb,Er core is essential for the epitaxial
growth of the ZnS shell. It is hypothesized that a more uniform
Mn−S layer on the surface of the KMnF3 Yb,Er core is
favorable for ZnS shell growth and Mn2+ diffusion. To verify
this hypothesis, KMnF3:Yb,Er cores were treated in dodeca-
nethiol at 200 °C for 30 min prior to ZnS growth, and the
resulting samples are denoted as Series 6. The DCL and UCL
properties are shown in Figures S18 and 5e. In comparison
with Series 2, the DCL intensity of Series 6 can be more
heavily enhanced, but it experiences obvious and rapid
decrease after it reaches the maximum intensity. In the
meantime, the UCL is weakened and keeps decreasing after the
shell is formed. All these can be attributed to the thickened
ZnS shell (Figure S19) and accelerated Mn2+ diffusion
facilitated by the prior surface treatment in dodecanethiol,
while the Mn2+ ejection has not been promoted (Figure 5f).
Based on all the abovementioned studies, by optimizing the
Zn/Mn molar ratio, ZnS growth temperature, and pretreat-
ment process, high-quality KMnF3:Yb,Er@ZnS nanoparticles
of 6.9 nm (Figure S20) with better UCL (Figure 5g) and DCL
(Figure 5h) behaviors were obtained.

Figure 5. Intensity profiles of DCL and UCL (a) of KMnF3:Yb,Er@ZnS as a function of coating time prepared at Zn/Mn molar ratios of 1.3
(Series 1) and 7.8 (Series 3), the corresponding molar ratio profiles of Mn/Yb and Er/Yb (b) in KMnF3:Yb,Er@ZnS particles. The intensity
profiles of DCL and UCL (c) of KMnF3:Yb,Er@ZnS as a function of coating time prepared at 210 °C (Series 4) and 250 °C (Series 5), the
corresponding molar ratio profiles of Mn/Yb and Er/Yb (d) in KMnF3:Yb,Er@ZnS particles. The intensity profiles of DCL and UCL (e) of
KMnF3:Yb,Er@ZnS as a function of shell-coating time after core pretreatment, the corresponding molar ratio profiles of Mn/Yb and Er/Yb (f) in
KMnF3:Yb,Er@ZnS particles. The UCL spectrum (g) and DCL spectrum (h) of KMnF3:Yb,Er@ZnS after optimization compared to Series 4, 180
min.
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Temperature-Dependent UCL/DCL. As shown in Figure
6a,b, both the UCL and DCL intensities of KMnF3:Yb,Er@
ZnS decrease with the increase in temperature from 80 to 300
K because of the thermal quenching effect, that is, lower
luminescence efficiency at a higher temperature caused by
nonradiative losses.64,65 The UCL intensity of KMnF3:Yb,Er@
ZnS declines faster in the temperature range from 80 to 150 K
(with a slope of 0.9% K−1), as compared with the temperature
range from 150 to 300 K (slope 0.2% K−1), and at 300 K, it
reaches only 13% of its initial value (Figure 6a). In contrast,
the decrease in the DCL intensity of KMnF3:Yb,Er@ZnS is
monotonous in the temperature range from 80 to 300 K with a
slope of 0.2% K−1, and over this temperature range, the
intensity is reduced only by less than 40% (Figure 6b). Such a
core/shell design of KMnF3:Yb,Er@ZnS featuring both UCL
and DCL can serve as an indicator of temperature variation.
However, because the PL intensity frequently suffers from
errors due to optical occlusion, changes in probe concen-
tration, excitation power, and detection efficiency, or a lack of
specificity for temperature,66 ratiometric measurement of the
relative intensities of two different emissive states could offer a
more reliable way to sense temperature. The calculated
ratiometric response of KMnF3:Yb,Er@ZnS nanoparticles
exhibits a monotonic decreasing trend with the rising
temperature (Figure 6c), which can be well-described by an
exponential function given below
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where T is the temperature and Ir is the ratiometric parameter
defined as the intensity ratio of UCL to DCL emission (Ir =
IUC/IDC). The maximum sensitivity of the ratiometric
KMnF3:Yb,Er@ZnS probe is 1.03% K−1 at 80 K, which is
similar to the one reported for the carbon dot-based
temperature sensor67 and terbium/europium probes68 but
lower when compared to Ag2S nanocrystals.69 Usually, the
sensitivity of 1% K−1 is sufficient to achieve a temperature
resolution of 0.1 K, presenting a great potential for thermal
sensing. It is also worth mentioning here that both UCL and
DCL emission peak maxima of KMnF3:Yb,Er@ZnS remained
nearly unchanged. Meanwhile, the full width at half-maximum
(fwhm) of both UCL and DCL emission peaks exhibited a
linearly decreasing trend against the temperature (Figure S21),
thus also offering a signature of the temperature changes apart
from the integrated luminescence intensity. Therefore, the
KMnF3:Yb,Er@ZnS nanoparticles can serve as potential
temperature-sensing nanomaterials with multimodal sensing
capabilities, which can be applied in many fields, such as
nano-/microelectronics, biology, and medical diagnostics.

Especially, such a multimodal luminescent sensor can be
potentially used for cellular temperature sensing, which is
important for understanding the influence of external stimuli
(hyperthermia or cryotherapy) on living cells.

4. CONCLUSIONS
In conclusion, we have successful ly constructed
KMnF3:Yb,Er@ZnS core/shell-structured nanocrystals
through epitaxial growth, which not only effectively enhance
the UCL emission of Er3+ dopants from the nanocrystal cores
but also lead to unexpected DCL emission from Mn2+ diffused
from the core into the ZnS shell. Systematic studies
demonstrate that Mn2+ ions on the surface of KMnF3:Yb,Er
cores play a vital role for the epitaxial growth of the ZnS shell
on the KMnF3:Yb

3+,Er3+ core, and the Mn2+ diffusion across
the core/shell interface greatly influences the PL properties of
the resultant KMnF3:Yb,Er@ZnS nanoparticles. Temperature
dependence of DCL and UCL for KMnF3:Yb,Er@ZnS with
different thermal dependencies allows highly sensitive
ratiometric temperature sensing. Thus, the current Mn2+-
assisted strategy for preparing KMnF3:Yb,Er@ZnS core/shell
nanocrystals may open up a new avenue to combine the UCL
of lanthanide ions with DCL of transition-metal ions and their
unique magnetic properties to obtain innovative advanced
materials, which are potentially useful for versatile temperature
sensing and bioimaging applications.
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