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rsistent luminescent phosphor b-
NaYF4:RE

3+ (RE ¼ Sm, Tb, Dy, Pr) for dynamic anti-
counterfeiting†

Bohan Wang,a Zhihao Wang,*b Peng Mao a and Yu Wang *a

Conventional luminescent materials generally exhibit uni-color and transient emission under UV excitation,

which makes them mediocre in the field of anti-counterfeiting. The high-level anti-counterfeiting

techniques are always becoming more complicated and in need of multi-color and persistent

luminescent materials. Herein, we report a series of b-NaYF4:RE
3+ (RE ¼ Sm, Tb, Dy, Pr) persistent

luminescent phosphors with multi-color emitting and ultra-long persistent luminescence under the

irradiation of X-rays. The effects of doping concentrations of RE3+ on the size, morphology,

radioluminescence and afterglow performance of the products are investigated in detail. Hexagonal

structured rod-like b-NaYF4:Tb
3+ crystals show super strong X-ray response and the afterglow signal

lasts for up to seven days after X-rays are turned off. Upon X-rays irradiation, some of the F� ions are

expected to escape from the crystal lattice by elastic collisions, leading to the generation of Frenkel

defects: the F vacancies ðV�

FÞ and interstitials ðF0
iÞ, which capture electrons and release them slowly to

achieve different afterglow emission times. Taking advantages of the extraordinary radioluminescence

performance of the b-NaYF4:RE
3+ persistent luminescent phosphors, the dynamic anti-counterfeiting

patterns that containing rich time-resolved information were successfully designed.
Introduction

Anti-counterfeiting technology is closely related to information
and data security. How to effectively prevent counterfeiting has
been a huge challenge and has received worldwide attention for
a long time.1–3 Traditional luminescent materials generally
present uni-color emission upon ultraviolet (UV) and near-
infrared (NIR) light excitation. Based on this, the most
common and traditional anti-counterfeiting luminescence
achieved by the sole-mode down/up converting luminescence
has been frequently witnessed in terms of banknotes, invoices,
and commodities. However, owing to the fact that the labels
based on traditional luminescent materials are easy to imitate,
the anti-counterfeiting efficiency based on a sole luminescence
mode is far from meeting the requirements of practical appli-
cations to guarantee a high level of data and information
safety.4–7 To address this deciency, developing more compli-
cated anti-counterfeiting techniques by increasing the lumi-
nescent modes and changing the excitation source has become
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mation (ESI) available. See

42
a quite challenging topic. It is worth mentioning that X-rays
excited materials, also referred to as scintillators, are of great
interest in the elds of X-rays detectors, lasing, imaging, etc.8On
the basis that X-rays show deeper penetration depth and higher
excitation energy with respect to UV and NIR, the anti-
counterfeiting labels made of X-rays excited materials may
present novel luminescence behavior and may open a new door
for anti-counterfeiting technology. Very recently, the label
fabricated by Yb3+/Er3+/Bi3+ doped Cs2Ag0.6Na0.4InCl6 material
is evidenced to be promising in high-security anti-
counterfeiting since the material exhibits different lumines-
cence behaviors under specic excitation, such as X-rays, UV,
and NIR sources.9

Persistent luminescent phosphors (PLPs) are a kind of eco-
friendly energy storage material that possesses the attractive
nature of absorbing and storing energy from an excitation
source and emitting light for a long time aer the excitation
ends. The release time of aerglow varies from several seconds
to even several days depending on the luminescence matrix and
additive.10,11 A great number of novel persistent phosphors,
such as SrAl2O4:Eu

2+/Dy3+, ZnGa2O4:Cr
3+ and CaS:Eu3+/Ce3+,

have been fabricated and used in targeted tumor PL imaging,
multi-model imaging, bio-sensing, and even new energy source
exploration.12–15 However, due to the intrinsic shortcomings of
solid-state method, these materials are generally coarse parti-
cles with obvious aggregation appearance, leading to the low-
ered luminous efficiency and limited development prospects.16
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Comparatively, uorides, which are readily synthesized by wet-
chemical methods, generally present narrow size distribution
and favorable morphology uniformity. As an excellent lumi-
nescent host material, b-NaYF4 may reduce the quenching of
the excited states of lanthanide ions due to its low phonon
energy.17–19 In addition, the chemical bond between lanthanide
ions and uorine ions is mainly ionic, and the wide band gap
enables good transparency in the visible and ultraviolet range.
The two factors make b-NaYF4 an excellent carrier of lumines-
cent substance.20,21 Recently, literature have reported that b-
NaYF4:Tb

3+ generates long aerglow under the excitation of X-
rays, and this characteristic endow b-NaYF4:Tb

3+ with great
application potential in the elds of at panel X-rays detectors
and photodynamic therapy.22,23 Nevertheless, the studies of the
b-NaYF4 based PLPs on multi-color dynamic anti-counterfeiting
materials, to the best of our knowledge, are still rare.

In this work, the b-NaYF4:RE
3+ (RE ¼ Sm, Tb, Dy, Pr) PLPs

with long aerglow and multi-color emission under X-rays
excitation have been synthesized by a facile hydrothermal
method. The morphology evolution aer RE3+ incorporation is
systematically investigated. Moreover, the radioluminescence
(RL) behaviors and aerglow mechanisms of the products are
deciphered. It is worthy highlight that, aer turning off the
excitation source, an aerglow signal lasts up to seven days can
be detected. Benet from the excellent aerglow performances,
the application of the as-produced PLPs in dynamic multi-color
anti-counterfeiting was successfully performed. We believe that
our initiative on the b-NaYF4:RE

3+ based dynamic luminescent
anti-counterfeiting could arouse wide scientic and techno-
logical interests.
Results and discussion
Characterization of the b-NaYF4:xTb

3+ (x ¼ 0.01–0.30)
samples

Rietveld structure renement pattern of the representative x ¼
0.10 sample was carried out by using the crystallographic data
of standard b-NaYF4 (JCPDS card no. 16-0334) as initial struc-
ture model,24,25 and the results are presented in Fig. 1a. The
renement is stable and ended with low R-factors, indicating
that the Tb3+ doped b-NaYF4 with pure phase can be hydro-
thermally obtained. XRD patterns of all the NaYF4:xTb

3+ (x ¼
0.01–0.30) samples are compared in Fig. 1b, from which it is
seen that the characteristic diffraction intensities and positions
can all be well indexed as b-NaYF4 in each case. Owing to the
identical electric charge and similar ionic radii of Y3+ and Tb3+,
the position of Y3+ can be easily replaced by Tb3+ in the b-NaYF4
crystals. It is worth mentioning that the diffraction peak shis
slightly towards the lower angle side (Fig. 1b) owing to the
substitution of smaller Y3+ (rY3+ ¼ 1.159 Å) by the relatively larger
Tb3+ (rTb3+ ¼ 1.180 Å). The details of lattice parameters a/b (a ¼
b), c and lattice volume V of these samples obtained by Rietveld
structure renement are listed in Table S1,† from which
a monotonically increasing tendency is discernible for each
case. The XRD patterns also indicate that there are some
differences in relative intensities based on (110) and (101),
© 2022 The Author(s). Published by the Royal Society of Chemistry
suggesting a preferential crystallographic orientation of the
samples.

The structure of b-NaYF4, as shown in Fig. 1c, displays
a strong cation disorder.26 There are three types of cation
occupation sites: (1a), (1f), and (2h). The nine F� coordinated
Y3+ ions occupy all the (1a) sites along with half of the (1f) sites.
Meanwhile, Na+ occupies the other half of the (1f) sites and half
of the (2h) sites.27 Various dopants can be facilely integrated
into the b-NaYF4 lattice through replacing these Y3+ sites.28–30

The longer bond distance of Na+-F� than RE3+-F� at the (1f) site
reduces the actual symmetry of the (1a) sites. As a consequence,
the six capping F� ions move up and down around the Y atom.
These movements are unequal in a vast scale, yielding
symmetry deterioration and leading to the high anisotropy of
the hexagonal NaYF4 structure. This is also an important factor
for the strong emission of b-NaYF4 as the host material for RE3+

doping.28

The scanning electron microscopy (SEM) images (Fig. 2a)
show that the as-prepared samples generally composed of rod-
like particles with submicron sizes. It is interesting that the
particle size does not shrink until the Tb3+ doping content
reaches 30%, rather than change slowly as the doping concen-
tration increases. It is known that the Gibbs free energy of
NaREF4 steady increases with decreased RE3+ radius.31 Accord-
ingly, the incorporation of Tb3+ into the reaction system facili-
tated the nucleation of the products, and this effect became
evident when the Tb3+ concentration increased up to 30%.
Elemental distribution patterns of the sample are shown in
Fig. 2b, from which no obvious composition segregation can be
observed, indicating that the Tb3+ ions were successfully
introduced into the products via hydrothermal reaction.
Radioluminescence (RL) behavior of the b-NaYF4:RE
3+ (RE ¼

Tb, Sm, Dy, Pr) samples

The RL properties of the as-prepared b-NaYF4:xTb
3+ were

investigated under X-rays irradiation at room temperature.
During the measurement, the powders were lled into the
sample cell to form a at exposed surface. The X-rays spot was
directly irradiated on the powder with xed incident angle of
45�, and the emitted signal with emergence angle of 45� was
collected by a spectrograph (Fig. 3a). It is notable that the
diameter of the exposed surface of the sample is 1 cm, and X-
rays spot completely covered the sample surface in each run
of the measurement, which ensured the stability and compa-
rability of the spectral data. Fig. 3b shows the variation in RL
intensity of b-NaYF4:Tb

3+ with increasing Tb3+ contents. All the
emission spectra present four typical Tb3+ emission bands
centered at 489 nm (5D4 /

7F6), 546 nm (5D4 /
7F5), 584 nm

(5D4 / 7F4), and 620 nm (5D4 / 7F3), with the green (5D4 /
7F5) transition dominates the whole spectra. The RL intensity
was remarkably enhanced by increasing the doping content of
Tb3+ from 1% to 10%. However, further increase in Tb3+

concentration results in decrease of the RL intensity (the inset
in Fig. 3a). The results demonstrate that concentration
quenching of Tb3+ in the b-NaYF4 matrix occurred at x ¼ 0.10.
Specically, when the doping ratio is less than 10%, the
RSC Adv., 2022, 12, 11534–11542 | 11535
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Fig. 1 (a) Shows Rietveld refinement patterns for the b-NaYF4:Tb
3+ samples, where Rwp represents the weighted profile reliability factor, Rp the

pattern reliability factor and c2 the goodness of fitting. (b) XRD patterns of the as-synthesized b-NaYF4:xTb
3+ (x ¼ 0.01–0.30) samples; (c)

crystallographic structure of b-NaYF4.
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concentration of luminescence center rises with increasing Tb3+

incorporation, and the distance between Tb3+ ions is getting
smaller, which would result in less energy loss in electron–hole
pairs migration, leading to higher luminescence intensity.
Further increasing Tb3+ concentration might cause self-
quenching of Tb3+ activators, which is responsible for the
decreased luminescence intensity at doping ratio between 10
and 30%.32,33 Fig. 3c compares the emission spectra and decay
curves of NaYF4:0.10Tb

3+ irradiated by UV (lex ¼ 378 nm) and X-
rays. Despite that the emission spectra are similar, the
Fig. 2 (a) SEM images of the b-NaYF4:xTb
3+ (x ¼ 0.01–0.30) samples; (b

11536 | RSC Adv., 2022, 12, 11534–11542
persistent luminescence behavior was not observed upon UV
excitation. Besides, RL peaks exhibit relatively higher signal-to-
noise ratios, since the energy carried by the photons of X-rays
was much higher than that of UV.

Aer switching off the X-rays source, these samples show
prolonged RL decay with gradually decreasing intensity, sug-
gesting the effective trapping ability of ionizing radiation. For
instance, the residual emission of b-NaYF4:0.10Tb

3+ sample can
still be directly observed by naked eyes aer 24 h. We noted that
the spectral prole of the aerglow does not change with
) EDS patterns of the representative b-NaYF4:0.10Tb
3+ sample.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic diagram of RL measurement; (b) RL of b-NaYF4:xTb
3+ (x ¼ 0.01–0.30) under the excitation of X-rays at 50 kV; (c) the

emission spectra and decay curves of NaYF4:0.10Tb
3+ irradiated by UV and X-rays; (d) RL spectra of b-NaYF4:0.10Tb

3+ recorded at 0.1–24 h and 7
days after 30min of X-rays irradiation; (e) RL intensity of b-NaYF4:0.10Tb

3+ under repeated X-rays irradiation, with X-rays working 5min and then
suspending 30min, and the cycle was repeated for 5 times; (f) afterglow intensity of NaYF4:xTb

3+ (x¼ 0.01, 0.05, 0.10), as a function of time after
cessation of X-rays, all the samples were irradiated at 50 kV X-rays for 5 min; (g) the digital photos showing afterglow effects of the b-
NaYF4:xTb

3+ (x ¼ 0.01, 0.05, 0.10) samples; (h) images of the discs made by b-NaYF4:0.10Tb
3+ at different afterglow times (1 min to 48 h) after

irradiation by 50 kV X-rays for 5 min, 30 min, and 1 h.
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increasing decay time (Fig. 3d), indicating that the continuous
emission arises from Tb3+. It can also be veried from Fig. 3d
that the aerglow signal of b-NaYF4:0.10Tb

3+ is still detectable
even aer 7 days. It is seen from Fig. 3e that the aerglow
intensity is steady throughout the repetitious X-rays irradiation
and cessation processes, conrming the high stability of the
aerglow performance.

The aerglow intensity of the phosphors increases monot-
onously with the beam voltage and with Tb3+ concentration
(below 10%), as can be observed from Fig. S1† and 3f, respec-
tively. The b-NaYF4:xTb

3+ (x ¼ 0.01, 0.05, 0.10) samples were
analyzed to have the aerglow lengths of 1259.61, 1542.72, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
1618.97 s aer 5 min of X-rays irradiation, respectively.
According to the dopant concentration-dependent aerglow
characteristic, an anti-counterfeiting pattern was designed
(Fig. 3g), the side length of the square pattern is about 32 mm
(Fig. S2†). It is shown that the three phosphors are indiscernible
by naked eyes under X-rays excitation due to the strong green
emission. However, different information gradually emerged
from the pattern with prolonging time aer X-rays cessation.
Specically, the pattern showed the number “88” in 0-2 minutes
and then changed to “36” and “15” aer 5 min and 10 min,
respectively. Apparently, the number “36” is hidden in this
changing process, and it can only be identied within
RSC Adv., 2022, 12, 11534–11542 | 11537
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a specied period of time (5–10 min in this case). This
phenomenon means that the pattern fabricated by the b-
NaYF4:xTb

3+ PLPs contains multi-level information, and
dynamic anti-counterfeiting can be achieved during the whole
attenuation process. Additionally, extending X-rays irradiation
time can signicantly prolong the aerglow time and increase
the aerglow intensity, which was conrmed by the digital SLR
camera, as shown in Fig. 3h. It is also worth highlighting that
even 5 minutes of X-rays irradiation on b-NaYF4:0.10Tb

3+ can
give rise to more than 6 hours of continuous visible emission,
coinciding well with the tting results shown in Fig. 3f.

The persistence luminescence is known to arise from
captured charge carriers in traps that are persistently released
under thermostimulation.34 Accordingly, thermoluminescence
(TL) spectroscopy was applied to evaluate the density and depth
of traps in the NaYF4:RE

3+ (RE ¼ Sm, Dy, Pr, Tb) samples, and
the results are shown in Fig. 4a. It is seen that the samples
exhibit TL peaks with different intensities and positions. The
temperature at which the intensity reaches a maximum (Tm) is
proportional to the trap depth (E),35 and a reasonable relation-
ship between the two factors can be presented as follows:36,37

E ¼ Tm/500 (1)

The E values of NaYF4:RE
3+ (RE ¼ Sm, Dy, Pr, Tb) phosphors

are determined to be 0.692, 0.800, 0.924 and 0.724 eV, respec-
tively. Themechanism of energy capture and release of the long-
lived aerglow behavior has been illustrated in term of the b-
NaYF4:Tb

3+ PLPs (Fig. 4b). X-rays energies are primarily absor-
bed by the Y atoms in the lattice to generate energetic electrons
owing to the photoelectric effects. These electrons are excited
from valence band (VB) to the free state of conductive band (CB)
and simultaneously lead to the generation of holes at VB.
Meanwhile, through elastic collisions between large-
momentum X-rays photons and small F� ions, some of the F�

ions are expected to escape from the crystal lattice, leading to
the generation of a corresponding quantity of Frenkel defects:
Fig. 4 (a) Thermoluminescence spectroscopy of NaYF4:RE
3+ (RE¼ Tb, Pr

of NaYF4:xTb
3+ PLPs.

11538 | RSC Adv., 2022, 12, 11534–11542
the F vacancies ðV�
FÞ and interstitials ðF0

iÞ.22 The V�
F and F

0
i may

serve as electron traps and hole traps, respectively, during the
luminescence process. Displacements of F� at short and long
distances classify the V�

F as transient shallow and long-lived
deep trap states, respectively. Both the shallow and deep traps
of V�

F can trap the electrons located at the bottom of CB. The
holes trapped by F

0
i can migrate towards Tb3+ emitters to form

hole Tb3+ centers, inducing the transformation of Tb3+ to stable
Tb4+.38,39 Recombination of the electrons trapped in V�

F and the
holes bound by Tb3+ can directly happen, followed by non-
radiatively transferring energy to Tb3+. The electrons located
at the ground state of Tb3+ are consequently activated to high
energy states and then produce luminescence.40,41

Multi-colour RL from orange to purple was modulated by
doping RE3+ (RE ¼ Sm, Tb, Dy, Pr) in the hexagonal structured
NaYF4 matrix. Owing to the fact that the emission intensity of
the phosphors mainly varies with RE3+ doping concentration
(Fig. S3†), the samples of b-NaYF4:0.01Sm

3+, b-NaYF4:0.10Tb
3+,

b-NaYF4:0.10Dy
3+, and b-NaYF4:0.01Pr

3+ with the optimal RL
were selected for further characterization. EDS patterns shown
in Fig. S4† conrm that Sm3+, Dy3+, and Pr3+ ions were also
successfully doped in b-NaYF4, and XRD results indicate that
the dopants did not interfere the phase purity (Fig. S5†). The RL
spectra of b-NaYF4:RE

3+ (RE ¼ Sm, Tb, Dy, Pr) are compared in
Fig. 5a. For NaYF4:Sm

3+, the RL spectrum shows the charac-
teristic emission of Sm3+: 562 nm (4G5/2 /

6H5/2), 601 nm (4G5/2

/ 6H7/2), 645 nm (4G5/2 /
6H9/2) and 700 nm (4G5/2 /

6H11/2),
with the orange emission (4G5/2 / 6H7/2 transition) being the
most signicant.40,42,43 For NaYF4:Dy

3+, the blue (480 nm) and
yellow (572 nm) emission bands are attributed to the (4F9/2 /
6H15/2) and (4F9/2 /

6H13/2) transitions of Dy
3+, respectively. It is

observed that NaYF4:Pr
3+ shows characteristic purple emission

upon X-rays irradiation, the multi-peaks are due to the f–f
transitions of Pr3+.44 Specically, the strongest blue emission at
492 nm is attributed to the 3P0 / 3H4 transition and the red
emission at 614 nm is ascribed to the 3P0 /

3H6 transition.45,46

As exhibited in the CIE diagram and digital photos in Fig. 5b,
multi-color emissions can be easily realized by X-rays
, Sm, Dy) samples; (b) proposedmechanism of the long-lived afterglow

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) RL spectra of b-NaYF4:0.01Sm
3+, b-NaYF4:0.10Dy

3+, b-NaYF4:0.01Pr
3+, and b-NaYF4:0.10Tb

3+ under the excitation of X-rays; (b)
corresponding CIE coordinates and digital photos of the multi-color luminescence; (c) comparison of the afterglow decay curves of these b-
NaYF4:RE

3+ PLPs, the decay curves were all obtained under X-rays irradiation at 50 kV for 30 min, and the monitoring wavelengths are 594, 573,
606 and 546 nm, respectively; (d) real time luminescence and afterglow appearances of these b-NaYF4:RE

3+ PLPs.
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irradiating the b-NaYF4:RE
3+ samples. Aer switching off the X-

rays source, all these samples present aerglow signal with
gradually decreasing intensity (Fig. 5c). It is known that the
duration of aerglow depends on the amount and depth of
traps.47 Since the multifarious energy levels of different rare
earth ions can cause different numbers and depths of traps
under X-rays radiation, the b-NaYF4:RE

3+ samples exhibited
different lengths of aerglow. Fig. 5d gives the digital photos of
the four samples aer 30 min of X-rays irradiation. Corre-
sponding to the decay curve, the aerglow appearances of all
samples gradually fade away aer irradiation. The aerglow of
the orange b-NaYF4:0.01Sm

3+ and blue b-NaYF4:0.10Dy
3+ phos-

phors completely vanishes aer 10 min and 1 h, respectively,
while that of the purple b-NaYF4:0.01Pr

3+ and green b-
NaYF4:0.10Tb

3+ phosphors can be observed by naked eyes for
a much longer time.
Application of the NaYF4:RE
3+ phosphors in dynamic anti-

counterfeiting

The UV-vis absorption spectra of the samples that used for
fabricating anti-counterfeiting patterns are displayed in
Fig. S6.† It is clearly that the absorption band of these samples
distributes in the wide range of 200–800 nm, implying that the
body color of these samples is white.48 Taking advantages of
the multi-color emitting and different aerglow features of the
b-NaYF4:RE

3+ phosphors, three different patterns were
designed for dynamic anti-counterfeiting. The fabrication
© 2022 The Author(s). Published by the Royal Society of Chemistry
process of the patterns is displayed in Fig. 6a. Fig. 6b exhibits
the digital photos of the three designed patterns within
a dynamic anti-counterfeiting process, and the original
templates are shown in the right side. The “Wi-Fi” and grape
patterns are about 21 mm in size, and the “Shenzhen
University” pattern is about 31 mm in diameter (Fig. S2†). It is
found that the patterns show different information at different
time aer X-rays irradiation. The image of “Wi-Fi” was
composed of four bright parts under real time X-rays irradia-
tion, whereas the curves disappeared in turn, and nally,
became a single green dot aer X-rays cessation. The whole
process took about 10 minutes, and the brightness also grad-
ually decreased. The same anti-counterfeiting principle
reveals different information with the change of anti-
counterfeiting pattern. Briey, the fading process of a cluster
of multi-color grapes is observable during the dynamic anti-
counterfeiting process, and only the Chinese version of
“Shenzhen University” is visible in the school badge in the
nal stage of the dynamic anti-counterfeiting process. It is
notable that only the specic part of the information can be
recognized at a particular time. Therefore, the anti-
counterfeiting level is expected to reach a new height since
more complex information can be stored through this strategy.
This technique based on X-rays excited PLPs truly provides
a new directional solution for the development of anti-
counterfeiting labels with high efficacy.
RSC Adv., 2022, 12, 11534–11542 | 11539
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Fig. 6 (a) Fabrication process of the anti-counterfeiting patterns; (b) digital photos of the three designed patterns within a dynamic anti-
counterfeiting process.
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Conclusions

In summary, a series of b-NaYF4:RE
3+ (RE¼ Sm, Tb, Dy, Pr) PLPs

were successfully fabricated using a simple hydrothermal
method. These samples can be effectively activated by X-rays
and can exhibit long lasting detectable aerglow signal even
aer 7 days. Persistent aerglow has been illustrated in terms of
the trapping of electrons and holes by Frenkel defects (V�

F and
F

0
i) and the continuous recombination of them at Tb3+ centers.

Based on the fact that the aerglow intensity is strongly corre-
lated with decay time and dopant concentration, a dynamic
anti-counterfeiting pattern was successfully fabricated by using
the b-NaYF4 PLPs with various Tb3+ doping concentrations.
Furthermore, since the RL with the combined characteristics of
multi-color emission and various aerglow time was achieved
by Sm3+, Tb3+, Dy3+, and Pr3+ doping, dynamic anti-
counterfeiting patterns containing time-resolved multi-color
information were successfully designed. We believe that our
attempt on b-NaYF4:RE

3+ based dynamic anti-counterfeiting
may effectively promote the development of the anti-
counterfeiting eld.
Experimental
Materials

The rare earth sources used for synthesis b-NaYF4:RE
3+ (RE ¼

Sm, Tb, Dy, Pr) were Sm(NO3)3$6H2O (99.99%), Tb(NO3)3$6H2O
11540 | RSC Adv., 2022, 12, 11534–11542
(99.99%), Dy(NO3)3$6H2O (99.99%), Pr(NO3)3$6H2O (99.99%)
and Y(NO3)3$6H2O (99.99%), all purchased from Aladdin
Industrial Inc. Shanghai, China. The other raw materials NaF
(99.95%), NH4F (99.9%), EDTA (99.9%) and HNO3 (AR) were
purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). All chemicals were used without further
purication.
Synthesis of b-NaYF4:RE
3+ phosphor

b-NaYF4:RE
3+ crystals were produced through a conventional

hydrothermal method. Briey, certain amount of Y(NO3)3$6H2O
and RE(NO3)3$6H2O (RE ¼ Sm, Tb, Dy, Pr) were weighed and
dissolved in deionized water. An aqueous solution containing
EDTA (EDTA : RE3+ ¼ 1 : 1) was then added to the above solu-
tion and stirred slowly for 30 min to get a homogeneous
mixture. NaF and NH4F (F� : Na+ : RE3+ ¼ 8 : 1 : 1) were dis-
solved in deionized water and added dropwise into the above
mixture, and pH of the obtained white suspension was adjusted
to 5 by dilute HNO3. Aer vigorous stirring for another 30 min,
the nal mixture was transferred into a stainless Teon-lined
autoclave. The autoclave was sealed tightly and maintained at
180 �C for 20 h, followed by naturally cooling to room temper-
ature. The reaction products were collected by centrifugation
and washed with ethanol for three times, then the b-NaYF4:RE

3+

PLPs were obtained aer drying at 80 �C for 24 h.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fabrication of the dynamic anti-counterfeiting patterns

A exible thermoplastic polyurethane (TPU) model with shallow
grooves was printed using a 3D printer. Then the PLPs and
polydimethylsiloxane (PDMS, Mw ¼ 22 000) were uniformly
mixed by mass ratio of around 1 : 10, and the groove was lled
with the obtained slurry. Finally, the model was heated at 60 �C
for 5 h.
Characterizations

Powder X-ray diffraction (XRD) patterns of the samples were
collected on a Rigaku Ultima IV X-ray diffractometer (Tokyo,
Japan) using Cu Ka (l ¼ 0.15406 nm) radiation operated at 40
kV and 40mA in a 2q range from 10 to 70� with a step size of 0.02
at room temperature. The morphology of the samples was
analysed by scanning electron microscope (SEM, Model APREO
S, Thermo Scientic, Netherlands) operated under 1 kV. The
elemental contents of the products were evaluated by energy
disperse spectroscopy (EDS, Model APREO S, Thermo Scientic,
Netherlands) for Na, Y, F and Tb. X-rays excited radio lumi-
nescence was measured using an X-ray tube (Model RACA-3,
Zolix Instruments Co., Ltd, Beijing, China), controlled with
a commercial soware developed by Zolix. The spectra and the
uorescence decay curves were recorded by an Omni-l 300i
spectrograph (Zolix). The photoluminescence spectra were ob-
tained using an FLS1000 uorescence spectrograph (Edinburgh
Instruments Ltd, UK), and a xenon lamp was used as the exci-
tation source. The anti-counterfeiting pattern were taken with
a SONY a7III camera, and the shooting parameters were Aper-
ture: F4.0, shutter: 10 s, ISO: 4000.
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