
Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2023, 52,
7322

Received 10th March 2023,
Accepted 27th April 2023

DOI: 10.1039/d3dt00746d

rsc.li/dalton

Lanthanide-doped Na2MgScF7 exhibiting
downshifting and upconversion emissions for
multicolor anti-counterfeiting†

Chengyu Zhuo,a,b Zeyu Lyu,*b Dashuai Sun,b Sida Shen,b Taixing Tan,b Shuai Wei,a,b

Zhijun Li,a,b Pengcheng Luoa,b and Hongpeng You *a,b,c

Na2MgScF7 (NMSF) was experimentally obtained for the first time by combining hydrothermal and high-

temperature solid-state reactions. X-ray powder diffraction (XRD) combined with Rietveld refinement

confirms that NMSF is crystallized in the space group Imma with the cell parameters a = 10.40860(18), b

= 7.32804(12) and c = 7.52879(11) Å, α = β = γ = 90° and V = 574.256(24) Å3. Through doping with Tb3+ or

Eu3+ ions, downshifting yellow-green or red emission could be achieved in NMSF-based phosphors,

respectively. Upconversion emission could also be designed by doping with Yb3+–Er3+, Yb3+–Tm3+,

Yb3+–Ho3+ or Er3+. Moreover, the NMSF:Er3+ phosphor exhibited green upconversion emission upon

excitation at 980 nm, and it exhibited red emission upon excitation at 1532 nm. Finally, recognizable pat-

terns were obtained under excitation at 254, 365 and 980 nm, indicating that the as-prepared phosphors

can be applied to multicolor anti-counterfeiting. Moreover, our synthesis strategy opens up new avenues

for the synthesis of novel fluorides.

1 Introduction

Counterfeit and shoddy products seriously interfere with the
development of market economies. Various anti-counterfeiting
technologies have emerged, such as watermarks,1 bar codes2

and optical anti-counterfeiting.3,4 Among them, optical anti-
counterfeiting technology has many advantages, including easy
fabrication, hard to imitate, good stability and high recognition
rates, and it can be combined with other anti-counterfeiting
technologies to achieve higher security levels. The main chal-
lenge of optical anti-counterfeiting technology is to develop
multicolor luminous materials with multicolor emissions.5–7

Lanthanide ions possess rich electronic energy levels from
their 4f electrons, which endow them with unique lumine-
scence properties, such as narrow spectral bands, large Stokes
shifts, long lifetimes and high photochemical stability. There
are two main emission modes in Ln3+-doped luminescent
materials: downshifting (DS) and upconversion (UC),8 where

DS is the process of the emission of a lower energy photon
after absorption of a higher energy photon, also known as
Stokes emission.5 Tb3+ and Eu3+ ions are two familiar ions for
their DS luminescence. The Tb3+ ion is known for its strong
green emission with a transition from the 5D4 to 7F5 energy
level.9–13 The Eu3+ ion usually emits strong red light, and the
emission wavelength range is 550–650 nm, corresponding to
the transition of the 5D0 to 7Fn energy level.14–16 On the basis
of the ladder-like energy levels, some of the lanthanide ions
can realize UC emission, which can convert two or more lower-
energy photons into one higher-energy photon. Typically, three
ion pairs, Yb3+–Er3+, Yb3+–Tm3+ and Yb3+–Ho3+, have attracted
great attention for their efficient UC emissions through the
energy transfer upconversion (ETU) mechanism, in which the
sensitizer (Yb3+) absorbs lower energy photons and then
donates energy to the activator (Er3+, Tm3+ or Ho3+)
sequentially.17–20 In addition, the Er3+ ion can realize UC emis-
sion through the mechanism of excited state absorption (ESA),
in which Er3+ in the excited state absorbs another low-energy
photon (such as 980 and 1530 nm) and then emits a high-
energy photon.21,22 The UC emissions from lanthanide ions
exhibit great tunability in colors from the aspects of energy
transfer and remote manipulation.23 Therefore, lanthanide ions
are highly suitable for the design of luminescent materials with
multicolor emissions for high-security anti-counterfeiting.

Generally, lanthanide ions need to be doped into a host
lattice to obtain luminescence. Therefore, a suitable host
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material is of critical importance to design a luminescent
material.24–26 Host crystals can be divided into fluorides,
oxides, sulfides, and so on. Among them, fluorides are con-
sidered to be excellent hosts for UC luminescence owing to
their low phonon energy, which alleviates the non-radiative
relaxation to achieve high UC efficiency.27 Therefore, fluoride
hosts for UC have supported their application in
multiplexing,28,29 orientation sensors,30,31 micro-lasers,32,33

STED,34,35 and so on. However, the variety of fluoride phos-
phors is relatively small compared with oxide systems, and this
limits the exploration of novel functional materials. This may
be due to the fact that fluorides are mainly synthesized by
solution methods, through which it is more difficult to obtain
products of specified compositions because of the different
solubilities of different fluorides.

Herein, the combination of hydrothermal and high-temp-
erature solid-state reactions enables the synthesis of a quad-
element fluoride, Na2MgScF7(NMSF). NMSF crystallizes in the
orthorhombic crystal system, and the space group is Imma.
Importantly, the Sc3+ site can be doped with luminescent
lanthanide ions to obtain luminescent materials. Under exci-
tation at 365 nm, NMSF:Tb3+ and NMSF:Eu3+ can emit
efficient yellow-green light and red light, respectively. With the
doping of Yb3+ and Er3+/Ho3+/Tm3+ ions, typical UC emissions
can be realized through the ETU process. Moreover, the UC of
NMSF:Er3+ through the ESA process exhibits tunable emissions
from green to red by changing the excitation from 980 to
1532 nm. These doped NMSF phosphors show great potential
in multicolor anticounterfeiting applications.

2 Experimental section
2.1 Materials

The starting materials of Sc2O3 (99.99%), NH4F (98.0%),
NH4HF2 (AR), Er2O3 (99.99%), MgF2 (99%), Tb4O7 (99.99%),
Eu2O3 (99.99%), Yb2O3 (99.99%), Tm2O3 (99.99%), Ho2O3

(99.99%), NaF (98.0%) and HF (49 wt%) were commercially
purchased and used without further purification. Sc2O3 was
purchased from Hunan Rare Earth Metal Materials Research
Co., Ltd (China). NH4F, NH4HF2 and Er2O3 were supplied by
Aladdin Industrial Corporation, while the other chemicals
were supplied by Shanghai Titan Scientific Co., Ltd (China).

2.2 Preparation of NMSF phosphors

Synthesis of lanthanide fluorides. LnF3 compounds (Ln =
Yb, Er, Ho, Tm, Tb, Eu,) were prepared by heating the corres-
ponding mixture of lanthanide oxides with NH4HF2 at 500 °C
for 24 h. The XRD patterns of the corresponding products con-
firmed the successful preparation of phase-pure lanthanide
fluorides (Fig. S1†).

Synthesis of the intermediate (NH4)2NaScF6. (NH4)3ScF6 was
synthesized according to a reported method.36 (NH4)3ScF6 and
excess NaF were mixed in a 100 mL beaker, and stirred for 1 h;
then, excess NH4F solution was added and the mixture was
stirred for another 1 h. Subsequently, the solution was poured

into a reaction kettle and reacted at 200 °C for 12 h. The
obtained sample was washed several times with 95% ethanol
and ultrapure water. The Rietveld refinement based on the
XRD pattern confirmed the successful preparation of
(NH4)2NaScF6 (Fig. S2†).

37

Synthesis of Na2MgScF7:Yb
3+,Er3+. NaF, MgF2, YbF3, ErF3

and (NH4)2NaScF6 were weighed according to the stoichio-
metric ratio and then ground in an agate mortar for 20 min;
then, the mixture was heated at 830 °C under a nitrogen atmo-
sphere for 5 h. The resulting samples were fully ground and
washed with HF solution to remove Na3ScF6 impurity.

2.3 Characterization

The XRD patterns of the as-synthesized phosphors were
recorded through a RigakuD/max-RA X-ray diffractometer with
Cu Kα radiation (λ = 1.5406 Å) in the 2θ range from 10 to 80°.
The General Structural Analysis System (GSAS) program was
used to perform the Rietveld refinement of the XRD patterns
with optimized scale factor, zero offset, background and cell
parameters. The particle morphology was obtained by high-
resolution field emission scanning electron microscopy (SEM)
with the use of a JSM-IT800 instrument (Nippon Electron Co.,
Japan) The photoluminescence excitation (PLE) and emission
(PL) spectra were analyzed on a Hitachi F-7100 spectrophoto-
meter with external 980 or 1532 nm lasers as the excitation
sources for the UC spectra.

3 Results and discussion
3.1 Phase identification, structure, and morphology

The synthesis of multi-elemental oxides is usually based on
the simple calcination of commercial precursors. In contrast,
the calcination of NaF, MgF2 and ScF3 cannot yield the target
material, but can produce Na3ScF6 and NaMgF3 (Fig. S3†). The
products of the direct precipitation of Na+, Mg2+, Sc3+ and F−

in solution also produce these two fluorides (Fig. S3†). The
synthesis of NMSF is based on a combination of hydrothermal
and high-temperature solid-state reactions, where
(NH4)2NaScF6 is used as an intermediate in the hydrothermal
synthesis (Fig. 1a). The phase purity of the as-prepared series
of NMSF systems was characterized by XRD analysis. Fig. 1b
shows the XRD patterns of the prepared NMSF and NMSF:Ln3+

(Ln = Tb, Eu, Yb–Er) samples. All patterns are well matched
with the standard PDF card (PDF#26-0965),38 indicating the
successful synthesis of phase-pure NMSF.

The Rietveld refinements of NMSF and NMSF:5%Tb3+ were
carried out using the GSAS program, and some of the crystal
data are summarized in Table S1.† Fig. 1c and d exhibit the
experimental and calculated results of the Rietveld refine-
ments for two samples, showing that the dopant ions are suc-
cessfully incorporated into the NMSF crystal host without any
phase impurities. The SEM image of NMSF:5%Tb3+ is shown
in Fig. 1e. The shapes of the NMSF:5%Tb3+ particles are irre-
gular with an average diameter of ∼3.0 μm. Fig. 1f shows the
crystal structure of NMSF, which is crystallized in the space
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group Imma. In this structure, Na+ is bonded with eight F− in a
twisted body-centered cubic geometry, including four shorter
bonds and four longer bonds. In addition, Mg2+ and Sc3+ are
both bonded with six F− to form the MgF6 and ScF6 octahedra.

3.2 DS luminescence properties

Fig. 2a shows the PL and PLE spectra of NMSF:5%Tb3+ at
room temperature. The PLE spectra of NMSF:5%Tb3+ moni-
tored at 543 nm consist of a strong band from 200 to
300 nm with a maximum at 219 nm, which can be attribu-

ted to the 4f8 → 4f75d1 transition of the Tb3+ ions and the
bands in the range of 300–400 nm are derived from the 4f
→ 4f transitions of the Tb3+ ions.9 Under excitation at
254 nm, the PL spectrum of the Tb3+ ions consists of four
emission bands centered at 488, 544, 587 and 623 nm orig-
inating from the transitions of the Tb3+ ions from the 5D4

excited state to the 7FJ ( J = 6, 5, 4, 3) ground states.39,40 The
CIE chromaticity coordinates of the emissions are (0.2744,
0.4475), indicating that the emission color is yellow-green.
In addition, the downshifting emissions from the Eu3+ ions
in NMSF are investigated (Fig. 2b). Under the monitoring of
the emission at 594 nm, the PLE spectra are composed of
many sharp peaks with a band maximum at 393 nm, and
the peaks at 319, 361, 382, 393, 416, 465 and 526 nm
correspond to the 7F0 → 5H6,

7F0 → 5D4,
7F0 → 5G2,

7F0 →
5L6,

7F0 → 5D3,
7F0 → 5D2 and 7F0 → 5D1 transitions,

respectively.41,42 The PL spectra exhibit typical red emission,
mainly originating from the 5D0 → 7F1(593 nm), 5D0 →
7F2(617 nm), 5D0 → 7F3 (655 nm) and 5D0 → 7F4 (708 nm)
transitions of the Eu3+ ions.43–45 The CIE chromaticity coor-
dinates of the Eu3+ ion emission are (0.5086, 0.3334) in the
orange-red region. It is worth mentioning that Fig. S4†
shows the PL spectra of NMSF phosphors with different
doping contents of Tb3+ or Eu3+. The optimal doping con-
centration was 7% for NMSF:Tb3+ and 5% for NMSF:Eu3+.

Fig. 1 (a) Synthesis routine for NMSF; (b) XRD patterns of the NMSF and NMSF:Ln3+ (Ln = Tb, Eu, Yb–Er) samples; (c and d) Rietveld refinement of
the XRD patterns of NMSF and NMSF:5%Tb3+; (e) SEM image of NMSF:5%Tb3+; and (f ) crystal structure of NMSF and the coordination environment
of Na+, Mg2+ and Sc3+.

Fig. 2 (a) PL and PLE spectra of NMSF:5%Tb3+; the inset panel is the
CIE chromaticity coordinates of the emission from NMSF:5%Tb3+. (b) PL
and PLE spectra of NMSF:5%Eu3+; the inset panel is the CIE chromaticity
coordinates of the emission from NMSF:5%Eu3+.
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3.3 UC luminescence properties

The UC emission can be produced through doping with
specific lanthanide ions, such as Yb3+–Er3+, Yb3+–Tm3+, Yb3+–
Ho3+ and Er3+. Fig. 3a shows the typical UC spectra of
NMSF:10%Yb3+,1%Er3+ recorded under 980 nm laser exci-
tation with different powers. Three different emission bands
in the visible range were observed. To investigate the UC
mechanism, the PL intensity dependence on the excitation
power density of NMSF:10%Yb3+,1%Er3+ is plotted in Fig. 3b.
In principle, the output UC emission intensity is dependent
on the infrared pump power according to the following
formula:

Iuc / ðIIRÞn

where n is the number of photons that need to be absorbed for
each UC photon emitted.46,47 The linear fits of log(Iuc) and log
(IIR) result in fitted slopes of 1.77 and 1.61 for the green and
red emissions, respectively. The results indicate that both
emissions originate from a two-photon ETU process.
Therefore, the two green emission bands peaking at 523 and
545 nm and a red emission band peaking at 650 nm are due to
the 2H11/2 → 4I15/2,

4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions,
respectively (Fig. 3c).4,48,49

Furthermore, the UC emissions from the Yb3+–Tm3+ and
Yb3+–Ho3+ pairs in the NMSF matrix were also explored. Fig. 4a
shows the UC spectra of NMSF:10%Yb3+,1%Ho3+ under
980 nm laser excitation. One can see three emission bands
(Fig. 4a). The relationships between the emission intensity and
the excitation power were investigated, and the slopes of the
linear fitting of the log(Iuc) versus log(IIR) are all ∼1.7 (Fig. 4b),
denoting that the three emission bands are from a two-photon
ETU process. Therefore, the emission bands peaking at 545,
661 and 750 nm correspond to the 5F4,

5S2 →
5I8,

5F5 →
5I8 and

5F4,
5S2 → 5I7 transitions, respectively (Fig. 4c).50,51 For the

NMSF:10%Yb3+,2%Tm3+ sample, the UC spectrum consists of
a blue emission band at 443–512 nm, and a strong red emis-
sion band at 640–710 nm. The relationship between the exci-
tation power and the emission intensity was determined as

mentioned above, and the slopes of the obtained blue and red
emission bands are 2.26 and 2.49, respectively. These results
indicate that the emissions are caused by a three-photon ETU
process. Therefore, the blue and red emissions from the Tm3+

ions are attributed to the 1G4 →
3H6 and

1G4 →
3F4 transitions,

respectively.20

In contrast to the above three ion pairs, which realize UC
emission through the ETU process, Er3+ can produce UC emis-
sion through the ESA process.21,52–54 Herein, Er3+-doped NMSF
was synthesized and its UC emissions under the excitation of
980 and 1532 nm lasers were investigated. Strikingly, the UC
emissions from the Er3+ ions can be tuned with different exci-
tation wavelengths (Fig. 5a and b). Under excitation at 980 nm,
the UC spectrum consists of green and red emissions with a
similar intensity. However, the red emission is significantly
stronger than the green one when the excitation is with a
1532 nm laser. Therefore, the UC emission under the 980 nm
excitation is close to the color of yellow-green, while that under
1532 nm excitation is close the color of yellow-red (Fig. 5b).
The emission selectivity comes from the different UC
processes.

Under excitation at 980 nm, the electrons of the Er3+ ions
are excited from the ground state 4I15/2 to 4I11/2 by the ground
state absorption (GSA), and the electrons in the 4I11/2 level are
either further excited to the 4F7/2 level or relax to the 4I13/2
level. The electrons in the 4F7/2 level relax to the 4S3/2 and
2H11/2 levels, which give the green emission. The electrons in
the 4I13/2 level can be further excited to the 4F9/2 level and then
give the red emission (Fig. 5c). Thus, the relaxation between
the 4I11/2 and

4I13/2 levels decreases the green–red ratio. On the
other hand, the electrons in the ground state of the Er3+ ions
are firstly excited to the 4I9/2 level by absorbing two 1532 nm
photons in succession under excitation at 1532 nm. The elec-
trons in the 4I9/2 level are either further excited to the 4S3/2 and
2H11/2 levels, resulting in green emission, or relax to the 4I11/2
level and then excited to the 4F9/2 level, resulting in the red
emission (Fig. 5d). In the case of 1532 nm excitation, the relax-
ation between the 4I9/2 and

4I11/2 levels decreases the green–red
ratio. In comparison, the relaxation between the 4I9/2 and

4I11/2

Fig. 3 (a) UC spectra of NMSF:10%Yb3+,1%Er3+ at 980 nm laser excitation with different powers. (b) Plots of logarithm intensity of the UC emission
versus logarithm pumped power. (c) UC mechanism of NMSF:10%Yb3+,1%Er3+ under the excitation of 980 nm.
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levels should be easier than that between the 4I11/2 and 4I13/2
levels because of the smaller energy gaps (∼2000 cm−1 versus
∼3900 cm−1). Therefore, the green–red ratio under the
1532 nm excitation is smaller than that under the 980 nm
excitation.

3.4 Anti-counterfeiting applications

On the basis of the doped NMSF phosphors, multicolor anti-
counterfeiting can be designed, as shown in Fig. 6. NMSF:10%
Yb3+,1%Tm3+, NMSF:10%Yb3+,1%Er3+, NMSF:5%Eu3+ and
NMSF:5%Tb3+ were mixed with glue in the ratio of 1 : 10, and

Fig. 4 (a and d) UC spectra of NMSF:10%Yb3+,1%Ho3+ and NMSF:10%Yb3+,2%Tm3+ under 980 nm laser excitation with different powers. (b and e)
Plots of logarithm intensity of the UC emission versus logarithm pumped power. (c and f) UC mechanism of NMSF:10%Yb3+,1%Ho3+ and NMSF:10%
Yb3+,2%Tm3+ under excitation at 980 nm.

Fig. 5 (a) UC spectra of NMSF:2%Er3+ under the excitation of 980 and
1532 nm laser. (b) CIE chromaticity coordinates of NMSF:2%Er3+ at 980
and 1532 nm excitation. (c) UC mechanism of NMSF:2%Er3+ under exci-
tation at 980 nm. (d) UC mechanism of NMSF:2%Er3+ under excitation at
1532 nm.

Fig. 6 Multicolor anti-counterfeiting with doped NMSF phosphors. The
word “ ” contains NMSF:10%Yb3+,1%Tm3+; the word “ ” contains
NMSF:10%Yb3+,1%Er3+; the word “ ” contains NMSF:5%Eu3+; and the
word “ ” contains NMSF:5%Tb3+.
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then introduced into a silicone mold, which was placed in an
80 °C oven for 24 h to cure. After that, four characters were
obtained. Under the illumination of a 254 nm UV lamp, only
the character “ ” emits weak red light. Under the irradiation
of a 365 nm UV lamp, the character “ ” emits weak green
light, while the characters “ ” and “ ” emit strong red and
yellow-green light, respectively. Under the illumination of a
980 nm laser, the character “ ” emits blue light, while the
character “ ” emits green light. The highly distinguishable
patterns under different excitation denote the potential appli-
cation in multicolor anti-counterfeiting. Moreover, compared
with some other reported luminescent materials capable of
both DS and UC emissions for anti-counterfeiting,55–58 the pre-
sented NMSF-based phosphors should be more efficient in the
UC emissions, because of the low phonon energy and efficient
ETU processes, and four ionic combinations of UC have been
realized in NMSF.

To further demonstrate the application in anti-counterfeit-
ing, a practical situation was investigated, in which the doped
NMSF phosphors were applied to distinguish crucibles. As
shown in Fig. 7, a crucible was labeled with the letter “f”,
which contained NMSF:5%Eu3+, and another crucible was
labeled with the letter “R”, which contained NMSF:5%Eu3+

and NMSF:10%Yb3+,1%Er3+. Under the illumination of a
365 nm UV lamp, both the letters “f” and “R” turn red,
because of the red emission from the Eu3+ ions. However, the
emission from the crucible interfered with the readout of the
letters. In comparison, the letter “R” color turns well-recog-
nized green under the illumination of a 980 nm laser because
of the UC emission from the Yb3+–Er3+ ions. It is worth men-
tioning that purple light around the “R” is attributed to the
scattered 980 nm laser, which appears purple in the camera,
but is invisible to human eyes. This observation indicates that
the integration of DS and UC emission offers more reliable
anti-counterfeiting.

4 Conclusions

In summary, we synthesized a novel fluoride phosphor NMSF:
Ln3+ by the combination of hydrothermal and high-temperature
solid-state reactions. The prepared phosphors have an average
particle size of ∼3.0 μm. The DS emissions of yellow-green light
and red light were observed through doping the Tb3+ and Eu3+

ions, respectively. In addition, the UC emissions from the ETU
process of the Yb3+–Er3+, Yb3+–Tm3+ and Yb3+–Ho3+ ion pairs
were achieved. Moreover, the UC emission from the NMSF:Er3+

phosphor shows different selectivities under excitation at 980
and 1532 nm, which is attributed to the different relaxation of
intermediate states. Finally, distinguishable patterns at different
excitation wavelengths were obtained using the as-prepared
Ln3+-doped NMSF, indicating that the obtained NMSF-based
phosphor can be used for anti-counterfeiting applications. The
recognizable patterns were obtained at 254, 365 and 980 nm,
indicating that the prepared phosphors can be applied to multi-
color anti-counterfeiting. Moreover, our work would provide gui-
dance for the synthesis of novel fluorides.
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