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We have developed a straightforward wet-chemical approach for the preparation of pure-phase M,NaScFs (M = K, Rb, Cs) quaternary
fluoride nanocrystals at ambient conditions without high-temperature calcination or sophisticated experimental setups. The production of
nanocrystals is highly dependent on the chelating agent, the feed ratio of chelating agent to Sc**, and the feed ratio of (KOH+NaOH) to
Sc**. Down-shifting and up-converting multicolor fluorescence involving red, blue-white, green, and NIR can be realized by
incorporating lanthanide dopants into these host lattices at room-temperature. Especially, single-band up-converting and down-shifting
dual-modal emissions were achieved. The findings demonstrated that these hexafluoroscandates are versatile hosts for down-shifting and
up-converting multicolor fluorescence. This solution-phase procedure is suitable for lab-scale and industrial production of nanocrystals
without high-temperature annealing, and can be extended to the fabrication of other polynary rare earth fluorides.

Introduction

On account of the excellent optical/magnetic properties,
exceptional stability, and high flexibility in choosing dopant and
host matrix, lanthanide-doped rare-earth fluorides nanomaterials
have a wide range of promising applications spanning from
lighting, laser and display, over biological labeling, sensing,
imaging, and photodynamic therapy, to silicon solar cells.’
Therefore, over the last decades, extensive efforts have been
dedicated to the development of synthetic strategies for obtaining
rare-earth  fluoride nanoparticles with controlled phase,
morphology and chemical composition."™ Among these
approaches, thermal decomposition of metal trifluoroacetate
precursors,”>  high temperature coprecipitation,” "  and
hydro/solvo-thermal technique,™* ™ are nowadays the three
most common routes.'*** Although good control over phase,
morphology, and composition of fluoride nanocrystals (NCs) can
be realized in these methods, the pyrolysis of metal
trifluoroacetates  produces very toxic fluorinated and
oxyfluorinated carbon species, which always raises some safety
concerns.****" In addition, these approaches still suffer from
problems including complicated experimental conditions, tedious
procedures, and high reaction temperatures (for example, usually
exceeding 300 °C for the former, > 280 °C for the latter, and >
180 °C for the hydro/solvo-thermal).'*'* In general, beyond
obvious energetic concerns, a high temperature required for these
routes is also a major barrier to the implementation of large-scale
reproduction of NCs.> Hence, from safety and energy-saving
standpoints, the development of a facile room-temperature (RT)
solution-phase method to fabricate pure-phase fluoride-based
NCs is still eagerly demanded.

On the other hand, in comparison with considerable work on
binary and ternary rare-earth fluorides,'™* scandium-containing
quaternary systems as phosphor matrix have largely been
neglected. * Very recently, our group reported the fabrication and
luminescence properties of a novel scandium-based quaternary
fluoride host compound.** Another scandium-containing
quaternary fluoride systems M,NaScFs (M = K, Rb, Cs) has been
identified as model systems for investigating crystal-field and
vibronic-coupling effects.” Moreover, they provide excellent
platforms for the incorporation of a broad range of photo-active

rare-earth ions since their elpasolite structure can accommodate
trivalent ions in a site of rigorous octahedral symmetry without
charge compensation.*¥ Consequently, these scandium-based
fluorides are expected to act as down-shifting (DS) and up-
converting (UC) photoluminescent hosts for lanthanide activators.
To the best of our knowledge, a synthesis procedure which allows
the production of pure-phase M,NaScFg (M = K, Rb, Cs)
nanocrystallines at ambient conditions has not been reported up
to now. Furthermore, it is still highly challenging to obtain single-
band UC phosphors based on M,NaScFs (M = K, Rb, Cs)
matrices. In the present contribution, we successfully prepared
M,;NaScFs (M = K, Rb, Cs) hexafluoroscandate NCs via a
convenient RT solution-phase procedure. The functionalization of
these NCs by means of doping strategy was demonstrated. Down-
shifting and up-converting multicolor dual mode fluorescence has
been realized in these scandium-based family matrices.

Experimental Section

Chemicals and Materials

All of the reagents and solvents were used as received without
further purification. Analytical grade rare earths (RE) oxides
(SC203, EU203, Tb407, D}’QO3, Sm203, Yb203, Er203, Tm203 and
Ho,03, 99.99%), Ce(NO3);-6H,0 (= 99.95%), NaOH (= 96.0%),
KOH (> 85.0%), HF (> 40.0%), concentrated nitric acid (HNO3,
> 68.0%), ethanol (> 99.7%), citric acid monohydrate (> 99.8%),
and cyclohexane (= 99.5%) were purchased from Sinopharm
Chemical Reagent Co., China. RbOH (= 99.9%), CsOH-H,0 (=
99.9%), leinoleic acid (95 wt.%), and oleic acid (90 wt.%) were
supplied by Alfa Aesar Co., China. Rare earths oxides were
separately dissolved in dilute HNOj solution and the residual
HNO; was removed by heating and evaporation, resulting in the
formation of aqueous solution of corresponding RE(NOs);.

Synthesis

All of the reagents and solvents were used as received without
further purification. M;NaScFg (M = K, Rb, Cs) hosts and
lanthanide-doped M,NaScFs NCs were prepared via a solution-
phase method at room-temperature (25 ‘C). Herein took the
synthesis of K;NaScFs NCs as an example. In a typical
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preparation, NaOH (3.33 mmol, 0.14 g), KOH (6.67 mmol, 0.44
g), 6.0 mL deionized water, 10.0 mL alcohol, and 16.10 g oleic
acid (or 16.0 g leinoleic acid, 1.27 g citric acid) were mixed
together in a plastic beaker under stirring at room-temperature,
followed by the addition of 4.00 mL aqueous solution of
Sc(NOs); (0.25 M). The mixture was stirred vigorously for 2
hours. Subsequently, a stoichiometric amount of HF (0.31g) was
slowly added into the mixture. After continually stirring for 30
min, the mixture was left to stand for 12 hours at 25 ‘C. The
products were collected by centrifugation, washed sequentially
with cyclohexane, water and ethanol for several times. After dried
in a vacuum at room-temperature for 24 hours, K,NaScF4 powder
was obtained. Other Sc**-cintaining fluorides hosts were
synthesized the same way, except that KOH was replaced with
RbOH or CsOH. The above process can be extended to the
preparation of lanthanide-doped M,NaScFgs (M = K, Rb, Cs) NCs,
except that the stoichiometric amounts of Sc(NOs); and
RE(NO3); (RE = Eu*, Ce*/Tb*, Dy, Sm*, Yb*/Er™,
Yb*/Ho™, Yb*/Tm**) mixed solutions were added into the
initial mixture.

Characterization

The crystallographic structure and phase purity were determined
by powder X-ray diffraction (XRD) using a Bruker D8 Advanced
X-ray diffractometer with Ni filtered Cu K, radiation (A = 1.5406
A)ata voltage of 40 kV and a current of 40 mA. The morphology
and chemical composition of the samples were characterized on a
Hitachi S4800 field-emission scanning electron microscope
(SEM) equipped with an energy dispersive X-ray spectroscope
(EDS). The photoluminescence properties were investigated in
the solid state. Up-converting and down-shifting fluorescence
spectra were collected on an Edinburgh Instruments FLS920
phosphorimeter using a 980 nm laser diode Module (K98D08M-
30mW, China), and 450 W xenon lamp as excitation source,
respectively. For low-temperature measurements (77 K), a Dewar
equipped with optical glass windows was filled with liquid
nitrogen (N,). Raman backscattering measurements were
performed using a Renishaw inVia spectrophotometer equipped
with an Olympus microscope, a liquid-N,-cooled CCD detector,
and an Ar* ion laser (A = 514.5 nm, 30 mW) as the exciting
source.

Results and discussion

The Origin of This Work and Descriptive Synthetic
Chemistry

The idea of this work was inspired by our initial attempts to
prepare M,NaScFs (M = K, Rb, Cs) nanocrystallines via a
modified solvothermal method (the detailed procedure is given in
ESI). Different treatment temperatures including 120, 150, 180,

and 200 °C, were utilized to fabricate pure-phase nanocrystallines.

As expected, the as-obtained products belonged to M,NaScFg (M
= K, Rb, Cs) nanoparticles shown in Figs. S1, S2, and S3 (ESI),
which intrigues our further interest in the synthesis of M,NaScFg
M = K, Rb, Cs) NCs under lower temperature. Even if the
treatment temperature reached as lower as 50 °C, the as-
synthesized samples unambiguously remained pure cubic NCs.
Stimulated by this finding, we aimed to the ambient temperature
synthesis of M,NaScFs (M = K, Rb, Cs) hexafluoroscandates
nanocrystallines. Pure-phase M,NaScFs (M = K, Rb, Cs)
nanoparticles were successfully fabricated by the RT reactions of
NaOH, MOH (M = K, Rb, Cs), and Sc(NO3); with HF in a
mixture of water, alcohol, and appropriate amount of chelating

agent like oleic acid (OA). The overall synthetic procedure is
depicted in Scheme 1.
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Scheme 1 Synthetic route to M,NaScFs (M = K, Rb, Cs) NCs by a room-
temperature (RT) solution-phase process.

As shown in Fig. la, X-ray diffraction (XRD) patterns of
M;NaScFs (M = K, Rb, Cs) samples exhibit sharp and intense
peaks indicative of highly crystalline and can be well indexed as
cubic K,NaScFs (JCPDS no. 79-0770, space group Fm-3m),
cubic Rb,NaScF4 (JCPDS no. 24-0970, space group Fm3m), and
cubic Cs,NaScFs (JCPDS no. 73-0341, space group Fm-3m),
respectively. No trace of other characteristic peaks was observed
for impurity phases. The calculated lattice constants are as
follows: a = 8.482(1) A for K,NaScFg, a = 8.593(2) A for
Rb,NaScFg, and a = 8.849(4) A for Cs,NaScFg, which is in good
agreement with the corresponding standard values for the bulk
cubic M,NaScFs (M = K, Rb, Cs). In the lattice structure of
M,NaScF; (M = K, Rb, Cs) compounds, the Sc** and Na* cations
are octahedrally coordinated by six fluorine atoms. For each
octahedron, the six Sc—F (or Na—F) bond lengths are equivalent.
The M™ cations are coordinated to 12 fluorine atoms, all of them
at the same distance.*>%>

SEM images show that M,NaScFs (M = K, Rb, Cs) samples
are uniform quasi-spherical with a diameter ranging from 17 to
23 nm for K,NaScFg, 15 ~ 22 nm for Rb,NaScFg, and 46 ~ 90 nm
for Cs,NaScFy (Fig. 1b-1d). According to the Debye—Scherrer
formula, the average crystallite sizes of M,NaScFs (M = K, Rb,
Cs) NCs were estimated as ~19, 17, and 85 nm, respectively,
which matched well with the corresponding SEM results.
Compositional analyses of the products using energy dispersive
X-ray spectroscopy (EDS) (Fig. S4, ESI) confirm that the
chemical signatures taken within different parts of the sample are
identical within experimental accuracy and that the as-obtained
samples contain Sc, Na, F, and K/Rb/Cs elements for K,NaScF,
Rb,NaScFg and Cs,NaScFg, respectively. In addition, the actual
atomic ratio of F, Sc, Na, and K/Rb/Cs elements were determined
to be consistent with the designed nominal stoichiometry in each
case. All above results confirmed that the M,NaScFq (M = K, Rb,
Cs) NCs can be successfully fabricated at RT through a facile
solution-phase route.

It is well known that successful synthesis of single-phase NCs
in a solution-based system not only depends on the intrinsic
structure of the target compounds but also requires meticulous
control of the experiment parameters such as feed ratio, reaction
temperature, precursor, organic additives, and so forth.®> In this
work, to obtain phase pure M,NaScFg (M = K, Rb, Cs) NCs, we
carried out a set of experiments with synthetic parameters,
including the chelating agent, the feed ratio of oleic acid to Sc**,
and the feed ratio of (KOH+NaOH) to Sc**. K,NaScF, was
employed as an example compound to elucidate their roles in
yielding high quality NCs. It is found that chelator, the feed molar
ratio of oleic acid to Sc** as well as the feed molar ratio of
(KOH+NaOH) to Sc** are three key factors responsible for the
synthesis of single-phase NCs. Crystal phase analysis of products
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under various synthetic parameters was summarized in Table S1
(ESD).
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Fig. 1 a) XRD patterns of as-obtained K,NaScFs (bottom curve),
Rb,NaScFs (middle curve), and Cs;NaScFs (top curve) NCs (background
uncorrected); SEM images of M,NaScFs (M = K, Rb, Cs) NCs:
b)K,NaScFs, c)Rb,NaScFg, d)Cs,NaScFg.

We firstly performed the synthesis of the samples under three
different chelators such as OA, leinoleic acid, and citric acid. As
the key assisting agent, the complexant was introduced into the

reaction system to integrate all the metal ions including Na*, K*
(or Rb*, Cs*), and Sc** ions. For comparison, we also performed
the synthesis of the sample without adding any chelator. XRD
patterns of the samples without and with various chelating agents
are shown in Fig. 2. In the absence of any chelator, K,NaScFg as
main phase was accompanied by ScOF, NaOH-4H,0, and NaOH
impurity phases. When appropriate dose of OA (or leinoleic acid,
citric acid) was added into the reaction system, single-phase
K;NaScFgs NCs were generated. On the other hand, OA was
selected as a representative to further reveal the effect of
chelating agent on the generation of pure cubic NCs. The feed
amount of OA varied under the same reaction condition to get a
molar ratio of OA to Sc* of 1:1, 5:1, 10:1, 25:1, and 50:1. XRD
patterns of the products are depicted in Fig. 3. When the OA to
Sc** ratio kept 1:1, the reaction of NaOH, KOH, Sc(NOj);, and
HF yielded K,;NaScFg dominant phase as well as some impurity
phases including ScOF, NaOH-4H,0O, NaOH and NaF. Once the
OA to Sc* ratio reached 5:1, single-phase  K,NaScFq
nanoparticles was produced. With further increasing OA to Sc**
ratio, the as-obtained products remained pure cubic NCs.
Consequently, the presence of a certain amount of chelator is
essential for the formation of phase-pure K,NaScFs. The
chelating agents greatly helped to mediate the production of
K;NaScFs NCs through the interaction between carboxylic
groups and metal ions, as an indispensable medium in the RT
solution-phase reaction, which is similar to the role of
ethylenediaminetetraacetic acid or OA for preparation of NaYF,

based nanocrystalline and ultrasmall CeO, nanopartilces,
respectively.®
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Fig. 2 XRD patterns of the products without and with various chelating
agents (the molar ratio of chelating agent to Sc** remains 50:1): oleic acid
(OA), leinoleic acid (LA), and citric acid (CA).

To investigate the role of KOH and NaOH, the total feed
contents of (KOH+NaOH) including 3, 5, 10, 20, and 30 mmol
were selected to examine the phase purity of products, while the
feed amount of Sc** source and OA was fixed at 1 mmol and 50
mmol, respectively. Fig. 4 shows XRD patterns of the samples
synthesized with different feed ratios of (KOH+NaOH) to Sc,
In the case of sample which is synthesized with (KOH+NaOH)
content of 3 mmol (stoichiometric amount), a combination of
cubic phase K,;NaScFs and some impurity phases including ScF;,
KScF,, KSc,F;, NaOH-4H,0 and NaF was produced. When
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excess amount of (KOH+NaOH) (5 mmol) [i.e. the ratio of
(KOH+NaOH) to Sc** reached 5:1] was added in the system
while other parameters were kept constant, pure-phase K,NaScFg
nanoparticles was obtained. Upon further increasing the content
of (KOH+NaOH) to 20 and 30 mmol, pure cubic phase Sc**-
containting compound was still obtained. The findings indicated
that KOH and NaOH play an important role in the formation of
K,NaScFg pure-phase. Apart from acting as K* and Na* sources
for K,NaScF¢ NCs, KOH and NaOH also provided adequate OH

ions for the precipitation of S¢**.’
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Fig. 3 XRD patterns of the as-obtained samples in the presence of
different OA/Sc™ feed ratio (1:1 ~ 25:1).
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Fig. 4 XRD patterns of the samples derived at different feed ratio of
(KOH+NaOH) to Sc** (3:1 ~ 30:1) in the presence of the fixed amounts
of OA and Sc** sources.

DS and UC Fluorescence of Lanthanide-doped M,NaScF, (M
=K, Rb, Cs)

In aim to examine the feasibility of the as-obtained M,NaScFs (M
= K, Rb, Cs)as efficient and versatile host materials, doping with
various photo-active lanthanide ions was conducted under
experimental conditions identical with those employed for host
samples. Fig.s 5(a) and S5 (ESI) depicted the RT DS excitation
and emission spectra of MQNaScF6:Ln3+ [M =K, Rb, Cs; Ln = Eu
(5 mol %), Dy (3 mol %), Ce/Tb (5/1 mol %), Sm (3 mol %)]
nanophosphors. Under ultraviolet (UV) irradiation, these
hexafluoroscandates based nanoparticles show multicolor visible
emissions including red, blue-white, and green for Eu**- or Sm**-
doped samples, Dy**-activated, and Ce**/Tb**-codoped NCs,
respectively. The Commission Internationale de L’Eclairage (CIE)
chromaticity coordinates for the emission spectra are calculated
(Table S2, and Fig. S6, ESI).
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Fig. 5 a) DS photoluminescence excitation (left) and emission (right)
spectra of M,NaScFs:Eu* (5 mol %) nanophosphors at RT, b) Raman
spectra of M,;NaScFs hosts (the peak locations and their symmetry
assignments are given), UC (c) and DS (d) emission spectra of
M,NaScFs: Yb*/Er** (10/1 mol %) nanophosphors at RT (M = K, Rb, Cs).

Eu®* is not only one of well-known activators for red-emitting
phosphors, but also an excellent spectral probe to investigate the
local crystal field in host lattices.® Hence, we chose Eu**-doped
M;NaScF¢ (M = K, Rb, Cs) NCs as an example to reveal whether
these lanthanide ions have been successfully doped into host
lattice. As shown in the left panel of Fig. 5(a), the excitation
spectra of Eu**-activated Sc**-based NCs were dominated by the
"Fy — L transition of Eu®" ions centered at ~393 nm, and no
obvious Eu*-0* charge transfer band (around 250-300 nm) was
observed, indicating that all the as-prepared Sc**-containing NCs
are free of oxygen (0>~ or OH").*** These Eu**-activated
samples exhibit an intense, characteristic luminescence of Eu**
ions upon excitation with a radiation of 393 nm, in which the
transitions from excited °D state to the different J levels (J = 0 -
4) of the lower 'F state were observed, including Dy = 'F, at
578 nm, °D, - 'F, at 591 nm, Dy — 'F, at 615 nm, °Dy, — 'F; at
650 nm, and °D, — F, at 700 nm.* The presence of a single Dy
- F, peak, in both the RT and 77 K luminescence (Fig. S7, ESI)
spectra of the K,NaScF:Eu™, implies that Eu** ion occupies a
single site in host lattices.’¢ The emission intensity of the °D,
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— "F, (magnetic-dipole) is obviously stronger than that of the *Dj
— F, (electric-dipole) transition. According to the Judd—Ofelt
theory, the intensity ratio of electric-dipole transition to magnetic-
dipole transition, also called the asymmetric ratio, can be used to
assess the symmetry of local crystal field in the vicinity of Eu**
ions.’® Lower asymmetric ratio typically indicates higher
crystal field symmetry. Herein, the asymmetric ratio for Eu**-
activated K*-containing, Rb*-containing, and Cs*-containing NCs
was calculated to be 0.88, 0.86, 0.83, respectively. As such, the
lower asymmetric ratio evidences the incorporation of Eu** into a
more symmetric environment. ¢ All together, the above results
suggest that Eu**ions have been successfully introduced into host
lattices and are occupied a high symmetry site, i.e. Sc** sites with
octahedral symmetry in M,;NaScFs (M = K, Rb, Cs)
matrixes. 74>

For Dy**, Ce**/Tb*, or Sm®* doped NCs, as demonstrated in
Fig. S5, the positions of excitation or emission peaks did not
obviously shift. All the resulting nanophosphors show
corresponding  characteristic luminescence from dopants,
indicating that Dy*, Ce®™/Tb*, or Sm® ions were also
successfully incorporated into M,NaScFs (M = K, Rb, Cs) host
lattices via the above approach at ambient conditions.

Raman spectra of M,NaScFs (M = K, Rb, Cs) samples are
shown in Fig. 5(b). The well-resolved sharp peaks indicated that
all the samples were highly crystallized, which is in agreement
with above XRD results. The strongest phonon mode is about 236
cm™, which is considerably lower than that of the widely studied
rare-earth fluoride host lattices, such as NaYF, (~360 cm™),®"i
and LiYF, (570 cm™).” It is well known that ideal host materials
for efficient UC luminescence should have low lattice phonon
energies, because lower phonon energies are an important aspect
for minimizing nonradiative (multiphonon) losses as well as
increasing the overall metastable energy lifetime of the UC
processes.'® Obviously, the as-prepared M,NaScFy (M = K, Rb,
Cs) can be appointed as promising host lattices for efficient
upconverter. To ascertain this point, Yb>*/R** ion-pairs (R = Er,
Tm, Ho) were added to form M,NaScFs Yb**/R* (10/1 mol%, M
= K, Rb, Cs) NCs. Upon excitation with a 980 nm laser diode,
M,NaScFq: Yb*/Er** (10/1 mol%, M = K, Rb, Cs) NCs displays
single-band deep-red luminescence, while the green (Fig. 5(c)),
and near-infrared (NIR) luminescence can be observed in
Yb**/Ho*, and Yb**/Tm* activated M,NaScF (M = K, Rb, Cs)
(Fig. S8, ESI), respectively.

Fig. 5(c) depicts the RT UC emission spectrum of Yb**/Er**
co-activated M,NaScFg (M = K, Rb, Cs) NCs. In comparison
with Yb**/Er** co-doped routine rare-earth-based fluorides NCs
which typically exhibit multiple-band emissions in the visible
spectral region,'®!*1"%24% 3 nearly single-band red emission at
around 655 nm for M,NaScFs Yb*'/Er’* (M = K, Rb, Cs) was

observed, while the green emission was almost entirely restrained.

A similar phenomenon was also observed in NaYF,:Yb*/Er**
(10/1 mol %) NCs," in which doping of Yb**/Er** ion-pair is in
the same level as that of M,NaScFs Yb>*/Er** sample. Likewise,
at the low-temperature (77 K) Yb3+/Er3+—codoped K,NaScF4 NCs
remained a single-band UC emission (Fig. S9, ESI), indicating
that the phonon participation in the transfer process has only a
slight effect on the emission. We speculated that the almost
banned green emission is related to the larger population of *Foy,
level of Er’* jons in the presence of organic groups on the
surfaces of NCs (See IR spectrum in Fig. S10, ESI).'"™"" The
possible UC emission mechanism and simplified energy level
diagram of Yb**/Er** are presented in Fig. S11 (ESI). In addition,
the full width at half maximum (FWHM) of the red-emitting band
is measured to be 26 nm, which is comparable to that (20 nm) for
KMnF;:Yb**/Er** NCs, but is narrower than the red-emitting

band (~ 42 nm) of ZrO,:Yb**/Er** NCs or the red-emitting band
(~75 nm) for Y,05:Yb**/Er** NCs.'? Tt is obvious that both the
most efficient excitation (980 nm) and emission peaks of as-
obtained M,NaScFq: Yb**/Er** (10/1 mol %, M = K, Rb, Cs) are
within the “optical window” of tissues, which can provide both
deeper penetration of photons from the excitation and greater
escape depths for the emission in biological samples, indicating
that these nanophosphors are attractive for bio-labeling
applications after appropriate surface modification.'®'®

Er™* is also one of the well-known efficient active centers for
luminescent materials used in light amplifiers and optical fiber
communication systems, because its emission at around 1.5 pm
locates in the right position for the third telecommunication
window."? Fig. 5(d) shows the NIR luminescence spectra of Er**-
activated NCs excited by a 980 nm laser diode, a noticeable
emission peak centered at ~1532 nm is detected, which is
assigned to the typical 32 > 1,55 transition of Er** ions. To
enable a wide-gain bandwidth for optical amplification, a broad
emission band is always desirable.'”*'*" Both K*-containing and
Rb*-containing nanophosphors have appreciable FWHM value
(71 nm), which enable a wide-gain bandwidth for optical
amplification. These values are comparable to those observed for
other Er** doped into inorganic hosts like LaF; (70 nm).'** The
latter is a very good host in which Er** ions emits intense NIR
luminescence in the telecommunication window.'**

Based on above findings, we can see that both the UC and DS
multicolor fluorescence of red, blue-white, green, and even NIR
can be realized in these host lattices by introducing appropriate
lanthanide ions including Eu**, Dy**, and Sm® as activators, as
well as Ce™/Tb™, Yb™'/Er*, Yb™/Tm™, and Yb*/Ho™ as
sensitizer—activator ~pairs. Especially, Yb**/Er’* co-doped
nanophosphors exhibited dual mode luminescence involving
single-band visible UC with narrow FWHM, as well as NIR DS
with relatively large bandwidth upon excitation of 980 nm.

Conclusions

In summary, we have demonstrated for the first time the
preparation of single-phase Sc**-containing quaternary fluorides
NCs using a simple solution-phase method at ambient conditions.
Incorporating of these hexafluoroscandates with photo-active
lanthanide ions or ion-pairs illustrated their suitability as versatile

hosts for down-shifting and up-converting multicolor
fluorescence to develop nanomaterials with interesting
applications in  display devices, biological imaging,

optoelectronics and telecommunications. The developed approach
is suitable for large-scale production without the use of either
high-temperature annealing or sophisticated experimental setups,
as well as with high synthetic reproducibility. Our work opens up
new perspectives for the development of polynary fluoride
nanocrystals preparation at ambient temperature.
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