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Multi-mode luminescent materials refer to materials that can emit light at different wavelengths or
colors depending on the applied stimulus, which could provide enhanced security features and make it
more difficult for counterfeiters to reproduce. Here, we report the achievement of multi-color dynamic
anti-counterfeiting by using multi-mode luminescence material CasTi,O-:Pr3* Er®* as the luminescent
inks. CasTi,O;:Pr¥*Er®* exhibits quintuple modes of photoluminescence (PL), long persistent
luminescence (LPL), photo-stimulated luminescence (PSL), mechano-luminescence (ML), and up-
conversion luminescence (UCL) with rich emission colors. The PL color of the phosphors could be
modulated from red to yellow-green when the pump wavelength changes from 254 to 365 nm.
Moreover, the tunable color of the phosphors is modulated from yellow to green by prolonging the
irradiation time of a 980 nm laser (0.6 W), which is attributed to the elaborate cooperation of the PSL
and UCL behaviors. Finally, the anti-counterfeiting trademark based on CasTi,0,:Pr**, CasTi,O7Er** and
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1. Introduction

Anti-counterfeiting technology refers to the practice of preventing
the production and distribution of counterfeit, fake, or imitation
products or items."™ Luminescent materials have been widely
utilized in stress sensing,” WLEDs,® anti-counterfeiting technology,
and so on,”® thanks to their advantages of low cost, high
stability, facile design, and excellent concealment,’ > espe-
cially in the anti-counterfeiting technology field. Major break-
throughs have been made in recent years; however, most
traditional luminescent anti-counterfeiting materials mainly
depend on the single photoluminescence mode.* The single
color always leads to easy decipherability because it is visible in
the environment or only under UV light, which poses a security
risk for manufacturers.'*™"” Therefore, developing effective,
cost-effective, and non-forgeable anti-counterfeiting technology
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is a crucial goal to protect the rights and interests of consumers
and legitimate businesses.®>*

Multi-modal luminescence anti-counterfeiting has drawn
considerable attention under different types of stimuli, includ-
ing excitation light, heat, mechanical force, etc., further improv-
ing their security level.>® For instance, Xu et al designed
BaGd,0,:Bi*",Er*" phosphor, which could emit blue, green,
and orange light under the excitation of UV light at 980 nm
and 1550 nm.** Guo et al. also proposed Ba,GdTaOg:Mn** Er**
with three-mode luminescence by adjusting the excitation
wavelength.”® Xu et al. designed SrZnOS:Yb**,Er**, with four-
mode luminescence that responded to UV light, a 980 nm laser,
loaded force, and X-rays.>” However, these anti-counterfeiting
features have static luminescence patterns and do not offer
a high level of security since the authentication features can
be easily identified and copied. Therefore, to elevate the
information-security level, it is crucial to develop dynamic
multicolor luminescence responses that are triggered by
specific stimuli and exhibit unique patterns over time.***°
The typical dynamic luminescence of the phosphors involves
LPL and PSL behaviors, which are related to the filling and
release processes of carriers from the traps under distinct
stimulations. For instance, Xia et al. proposed the NaGd-
Ti,06:Pr*",Er*" phosphor with multi-mode luminescence,
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which could emit red LPL due to the release of carriers caused
by thermal disturbance,*® and Zhu et al. designed a multi-mode
luminescence Ba,Zr,Si;0,,:Eu*",Er**, which possesses the blue-
green PSL performance due to the release of carriers that
responded to the 980 nm laser.>' The materials reported before
exhibit unicolor due to the release of carriers over time, which
poses a huge risk of cracking. Therefore, developing temporal
and spatial anti-counterfeiting materials with multi-color and
multi-mode luminescence is a crucial method to improve the
anti-counterfeiting level. Despite the significant improvement
in anti-counterfeiting capabilities achieved by developing
dynamic anti-counterfeiting materials, it is still necessary to
have practical and feasible methods of visualizing the multi-
mode behaviors for reading out information.*?

Herein, we fabricated Pr**, Er*" co-doped Ca;Ti,O, phos-
phors that exhibit dynamic multi-mode luminescence,
including PL, LPL, PSL, UCL, and ML phenomena, enabling
multi-mode luminescence and tunable color under different
stimuli sources.*® Notably, the red PSL and green UCL coop-
erated skillfully to realize multi-color via adjusting the pump
power and irradiation time of a 980 nm laser.>* Finally, multi-
mode dynamic luminescence based on composition, excitation
wavelength, and irradiation time was used to design and
produce advanced anticounterfeiting patterns with quintuple-
mode luminescence.

2. Experimental sections

2.1. Sample synthesis

The original materials include TiO, (99%, Aladdin), CaCO;
(99.99%, Aladdin), H;BO; (99.5%, Aladdin), Pr¢Oy; (99.99%,
Aladdin), and Er,0; (99.99%, Aladdin). All these materials were
used without further purification. A series of CazTi,O7:xPr** (x =
0.1%, 0.2%, 0.25%, 0.5%, and 0.75%), Ca;Ti,0,:0.25%Pr>* yEr’*
(¥ = 0.25%, 0.5%, 1%, 3%, 5%, and 7%), and Ca3T1207:1%Er3+
phosphors were synthesized by the high-temperature solid-state
reaction method. Based on the stoichiometric ratio of the
chemical formula, the original materials were weighted and
transferred into the agate mortar and mixed uniformly with
the alcohol for 20 min, then put into an aluminum crucible
(5 mL) in a furnace (1350 °C, 6 h, air). After naturally cooling to
room temperature (RT), the samples were milled into powders
for further characterization.

2.2. Optical film fabrication

The ML composited films were fabricated by uniformly mixing
the sifted powders (600 mesh size) with PDMS(A) and PDMS(B)
at a weight ratio of 5:14:1(phosphor = 1 &; Mppms(a) = 2.78 &;
Mppms(s) = 0.22 g), followed by transferring the mixture into a
cylindrical mold. Finally, the ML films were successfully shaped
in the drying oven at 340 K for 3 h.

2.3. Characterization

An X-ray diffractometer (D8 ADVANCE/Germany Bruker) with
Cu Ku irradiation (2 = 1.5405 A) was utilized to measure the
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X-ray diffraction (XRD) patterns, and the corresponding pat-
terns (10°-80°) were collected by operating at 30 KV and 20 mA
with a step of 0.04°. Scanning electron microscopy (SEM)
(Tescan China, Ltd) was applied to investigate the morphology
and elemental mapping. A Hitachi F-7000 fluorescence spectro-
photometer was applied to record the PL, photoluminescence
excitation (PLE), UCL, and LPL spectra. Moreover, the UCL and
PSL spectra were recorded using a 980 nm laser. A digital
phosphor photometer (Zhejiang University three colors Instru-
ment. Co. Ltd) was applied to record the LPL decay curves. The
FJ-427A TL meter was applied to record the thermolumines-
cence (TL) curves (293-678 K). The ML spectra were collected
by an optical fiber (Ocean Optics USB2000 + XR1-ES) in coop-
eration with an MS-T3001 multifunctional material surface
property tester. Digital pictures were taken by a digital camera
(Nikon D7100 with AF-S Micro-NIKKOR 105 mm {/2.8G IF-ED).

3. Results and discussion

Ca;Ti,O; possesses a typical Ruddlesden-Popper structure with
the orthorhombic space group Ccm2; (Fig. 1a).>* The unit of
Ca;Ti,0, consists of two types of polyhedrons, where Ti*" ions
are coordinated by six oxygen ions to form [TiOg] octahedrons,
and Ca®" ions are coordinated by eight oxygen ions to form
[CaOg] dodecahedrons. The XRD patterns of the CazTi,O;:
xPr‘“(x = 0.1%, 0.2%, 0.25%, 0.5%, 0.75%, and 1%), CazTi,O;:
1%Er*", and Ca;Ti,0,:0.25%Pr’ " yEr**(y = 0.25%, 0.5%, 1%,
3%, 5%, and 7%) samples are given in Fig. 1b and Fig. S1
(ESIT). All diffraction peaks of these samples match well with
the standard patterns card (PDF#14-0151), and no impurities
are detected, indicating that Pr’" and Er’®* ions are successfully
incorporated into the Ca;Ti,O; matrix. According to Hume-
Rothery rules, the Pr** (= 1.266 A, coordination number (CN) =
8) and Er** (r = 1.144 A, CN = 8) ions preferentially occupy the
Ca** (r=1.26 A, CN = 8) site. The Rietveld refinement patterns
of representative Ca3Ti,0,:0.25%Pr**,1%Er’" are further calcu-
lated, as given in Fig. 1c, and the refinement factors are
calculated to be R, = 6.11%, Ry, = 8.24%, and x* = 2.657,
implying that the as-prepared Pr*'/Er’" co-doped Ca;Ti,O,
phosphors are a single phase without impurity. Moreover, the
scanning electron microscopy (SEM) images and the corres-
ponding element mapping images are shown in Fig. 1d,
demonstrating that Pr** and Er’** are uniformly distributed in
the Ca,Ti,0,:Pr*",Er*" particle. Further, the EDS spectrum (Fig.
S2, ESIY) reveals that the Pr’* and Er’* ions are successfully
introduced into the Ca;Ti,O, matrix.

The PLE and PL spectra of the CazTi,0,:0.25%Pr** and
Ca;Ti,0,:1%Er’" samples are measured, as shown in Fig. 2a.
The PLE spectrum of Ca;Ti,0,:0.25%Pr’" phosphor exhibits a
broad band ranging from 200 to 425 nm, which is ascribed to
the *H, — >P, transitions of Pr*" ions. Under 324 nm excitation,
the PL spectrum of Ca;Ti,0,:0.25%Pr>" exhibits a red emission
peaking at 614 nm, which is attributed to the 'D, — °H,
transition of Pr’** ions.*® The emission spectra of Ca;Ti,O,:Pr’*
samples with different Pr*" doping concentrations have almost

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) The crystal structure of CasTi,O5. (b) The XRD patterns of CazTi,07:0.25%Pr** yEr** (y = 0.25%, 0.5%, 1%, 3%, 5%, and 7%) phosphors. (c) The
Rietveld refinement patterns of the representative CasTi»O:0.25%Pr’* 1%Er>* phosphor. (d) The SEM image and the corresponding elemental mapping

images of the CazTi»07:0.25%Pr®* 1%Er*" crystal.

identical profiles, and the optimum doping concentration of
Pr** is 0.25% (Fig. S3, ESIT). Additionally, the PLE spectrum of
Ca;Ti,0,:1%Er’" shows a narrow band (350-410 nm), which
can be assigned to ‘Dys;, — 2Gy4,, transitions of Er**. Under
380 nm excitation, the PL spectrum of Ca;Ti,0,:1%Er*" exhi-
bits three emission peaks located at 525 nm, 552 nm, and
668 nm, which are, respectively, attributed to the *Hy1/,~"I15/5,
1S55-"L15/2, and *Fo/, — 1,5/, transitions of Er**,37:38

Fig. 2b depicts the PL spectra of Ca;Ti,0,:0.25%Pr** yEr*
(y = 0.25%, 0.5%, 1%, 3%, 5%, and 7%) under 365 nm excitation.
With the increase in Er’* ion content, the emission intensity at
614 nm gradually decreases, while the emission intensity of Er’*
increases and then decreases when the Er’*" concentration reaches
1% (Fig. 2c). The corresponding emission color is successfully
modulated from red to yellow-green, as shown in Fig. 2d, and
the corresponding CIE coordinates change from (0.6598, 0.3298) to
(0.4690, 0.4533). Interestingly, the emission colors of CazTi,Oy:
0.25%Pr*" 1%Er’" are also flexibly modulated by changing the
excitation wavelength due to the partially overlapped excitation of
Pr*" and Er*" ions (Fig. 2e). The CIE coordinates of the representa-
tive CazTi,0,:0.25%Pr*"1%Er*" change from (0.5002, 0.3013) to
(0.4917, 0.3157) when the excitation is modulated from 350 to
400 nm, which match well with the corresponding digital picture
(Fig. 2f).

The LPL spectra of Ca;Ti,0,:0.25%Pr " yEr** (y = 0.25%,
0.5%, 1%, 3%, 5%, and 7%) samples exhibit obvious red LPL

This journal is © The Royal Society of Chemistry 2023

performance peaking at 614 nm, which is ascribed to the
characteristic emission of Pr’" ions, as given in Fig. 3a. The
LPL intensity significantly enhances with the introduction of the
Er’" ions. Additionally, there is no emerging TL peak after the
introduction of Er** ions, indicating that the introduction of Er**
only increases the concentration of traps (Fig. S4 and S5, ESIf).
Moreover, the LPL decay curves of Ca;Ti,0,:0.25%Pr*" ,yEr’* (y =
0.25%, 0.5%, 1%, 3%, 5%, and 7%) consisting of two parts at RT,
a rapid decay process initially and a slow decay process, are
displayed in Fig. 3b. The LPL performance is optimized when the
concentration of Er’* is 1%. Additionally, the corresponding TL
curves of these samples are systematically measured, as shown
in Fig. 3c. There is only one symmetric TL peak located at 324 K,
which could be categorized as shallow traps. Moreover,
Ca3Tiy0,:0.25%Pr*",1%Er*" exhibits the highest TL intensity,
which is well matched with the LPL intensity.

The emission spectra of Ca;Ti,0,:0.25%Pr>",1%Er*" phos-
phors charged with 365 nm UV light for 5 min by continuously
prolonging the 980 nm laser (0.6 W) irradiation time are
investigated, as shown in Fig. 4a. The emission spectra exhibit
three peaks at 525, 552, and 614 nm, where the emissions at
525 and 552 nm are ascribed to the UCL of Er** and the red
emission at 614 nm is attributed to the PSL of Pr*". Herein, the
emission intensity at 525 and 552 nm remains stable (Fig. S6,
ESI{), while the emission intensity at 614 nm gradually drops
and then vanishes when the 980 nm laser irradiation time

J. Mater. Chem. C, 2023, 11,13725-13732 | 13727
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Fig. 2 (a) The PLE and PL spectra of CasTi»0;:0.25%Pr** and CasTi,O7:1%Er** phosphors. (b) The PL spectra, (c) the corresponding emission intensity at
614 nm and 552 nm, and (d) the corresponding CIE coordinates and photographs of CasTi,07:0.25%Pr** yEr®*(y = 0.25%, 0.5%, 1%, 3%, 5%, and 7%) under
365 nm excitation. (e) Dependence of PL spectra and (f) the corresponding CIE coordinates and photographs of the representative

Ca3TiZO7:OAZS%Prz",l%Er3+ samples as a function of excitation wavelengths.

exceeds 21 s. The color of CazTi,0,:0.25%Pr*",1%Er*" tunes from
yellow to green with increasing irradiation time, and the corres-
ponding CIE ordinates change from (0.5818, 0.3951) to (0.3822,
0.6069), which is attributed to the cooperation of stable UCL and
the decreasing PSL phenomenon. The TL curves of different
pump powers of the 980 nm laser strongly prove that the low
pump power (0.6 W) of the 980 nm laser caused the slow release
of carriers from the traps and then resulted in a gradual decrease of
the 614 nm emission. Moreover, the high pump power (1.5 W)
of the 980 nm laser causes the instant release of carriers
(Fig. S7, ESIf), which is consistent with the phenomenon.
Fig. 4c plots the UCL intensity of Ca;Ti,05:0.25%Pr*",1%Er*"
as a function of the 980 nm laser pump density, and the
corresponding UCL emission intensities at 525 nm, 552 nm,
and 668 nm gradually enhance with increasing pump power.
Additionally, the relationship between emission intensity and
pump density is studied based on the following equation:*”

Ioc P? 1)

where I refers to the UCL intensity, P is the laser power, and 7 is
the number of photons. The fitted linear slopes of 525 nm,
552 nm, and 668 nm are calculated to be 1.57, 1.56, and 1.51,
respectively, indicating that the UCL process of CasTi,O;:
0.25%Pr*",1%Er’" is a two-photon transition (Fig. 4d).

Fig. 5a illustrates the as-obtained Ca;Ti,0,:0.25%Pr**1%Er** @
PDMS composite film, which exhibits a smooth appearance and
high flexibility (I and ii). The ML performance of the composite film
was recorded using a digital camera with long-exposure technology,
and the corresponding stress distribution could be extracted by
using the gray value of the image (iii and v). Fig. S8 (ESIt) depicts
a schematic diagram of the MS-T3001 multifunctional material
surface property tester, which is used along with an optical
fiber for mechano-luminescence spectrum analysis. Fig. 5b
depicts the ML spectra of Ca;Ti,0,:0.25%Pr*" yEr*" (y = 0.25%,

(CayTi,0,:0.25%Pr*, yEr**
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Fig. 3 (a) The LPL spectra, (b) the corresponding LPL decay curves, and (c) the TL curves of CasTi,O:0.25%Pr** yEr** (y = 0.25%, 0.5%, 1%, 3%, 5%, and
7%). The inset shows the digital pictures, and the samples were irradiated by a 365 nm UV lamp for 5 min.
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Fig. 4 (a) The PSL-UCL spectra and (b) the corresponding CIE coordinates and photographs of CazTi>07:0.25%Pr* 1%Er** with prolonged 980 nm
laser irradiation time; the pump density is 0.6 W (the samples were pre-irradiated with 365 nm UV light for 5 min). (c) The UCL spectra and (d) the
corresponding emission of CasTi»0,:0.25%Pr** 1%Er®* as a function of pump density.

0.5%, 1%, 3%, 5%, and 7%), and the inset shows that the
Ca;Ti,0:0.25%Pr*",1%Er’ @PDMS composite film exhibits the
highest ML intensity. Moreover, the ML spectra exhibit the same
profile and peak location as the PL spectrum of CazTi,Oy:
0.25%Pr*", confirming that the ML originates from the 'D,~’H,
transition of Pr’" ions. To investigate the ML mechanism of
Ca;Ti,0,:0.25%Pr*",1%Er’ " @PDMS, the ML spectra of Ca;Ti,O:
0.25%Pr** 1%Er** @PDMS were measured after being charged with
UV irradiation for 5 min and heating treatment at 400 K for 5 min
(Fig. 5c). They show that CazTi,0,:0.25%Pr*",1%Er’ @PDMS
after being charged with UV light exhibits strong red ML, while
Ca;Tiy0,:0.25%Pr’ " 1%Er’ " @PDMS after being heated at 400 K
displays no ML phenomenon. This preliminary evidence supports
the fact that the ML phenomenon is attributed to the release of the
carriers from the traps, as evident from the TL curves (Fig. S9, ESIT).
Additionally, the TL curves of Ca;Ti,0,:0.25%Pr’",1%Er* @PDMS
with prolonged stress duration are presented in Fig. 5d, which
show a decreasing trend with increasing stress duration. This
strongly supports the fact that the force could trigger the release
of carriers from the traps. The aforementioned results indicate the
ML performance of the as-obtained Ca,Ti,O,:Pr**,Er’* material
is determined by the traps. Fig. 5e displays the ML spectra of

This journal is © The Royal Society of Chemistry 2023

Ca;Ti,0,:0.25%Pr** 1%Er** @PDMS as a function of loaded stress.
The ML intensity increases linearly with the increase in force,
revealing that the as-fabricated composite film could be employed
for quantitatively describing the applied force. In addition, the
cycling stability of the ML film is systematically investigated, and
the ML intensities of Ca;Ti,0,:0.25%Pr’",1%Er*’ @PDMS after
experiencing continuous stress cycles and then being charged with
UV light for 5 min are recorded in Fig. 5f. The ML peak intensity
experiences a significant decay with the friction cycles. Moreover,
Ca3Ti,0,:0.25%Pr’"  1%Er’ @PDMS possesses excellent reusability
properties; after five reusability cycles, the initial ML intensity
slightly decreases.

Inspired by the fascinating optical properties of Ca;Ti,O;:
Pr’*,Er’", cooperating with the properties of Ca;Ti,0,:0.25%Pr>*
and Ca;Ti,0,:1%Er*" (Fig. S10, ESIt), a trademark concept is
designed consisting of CasTi,0,:0.25%Pr*",1%Er*", Ca,Ti,0:
0.25%Pr’* and Ca;Ti,0,:1%Er*" via screen printing technology
(Fig. 6a). Fig. 6b reveals the individual components of each
section of the trademark. The “Cat”, “Dog”, and “Horse”
portions are printed with Ca;Ti,0,:0.25%Pr’*,1%Er’ @PDMS,
Ca;Tiy0,:0.25%Pr**@PDMS, and Ca;Ti,0,:1%Er " @PDMS ink,
respectively. Under 254 nm UV light, the trademark displays a

J. Mater. Chem. C, 2023, 1,13725-13732 | 13729
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Fig. 5 (a) The appearance and flexibility of the CasTi»O,:0.25%Pr*"1%Er**@PDMS ML composite film, and the corresponding photographs and
dimensional color map under mechanical stimulation. (b) The ML intensity of CasTi,07:0.25%Pr>* yEr**@PDMS (y = 0.25%, 0.5%, 1%, 3%, 5%, and 7%)
under 10 N force. (c) The ML spectra of CasTi,0:0.25%Pr* 1%Er**@PDMS film after being charged with UV irradiation for 5 min and heating treatment at
400 K for 5 min, respectively. (d) The TL curves of CasTi,07:0.25%Pr>" 1%Er**@PDMS as a function of the press duration. (e) The ML intensity of
CasTi,07:0.25%Pr** 1%Er**@PDMS as a function of the stretching stress; the insets show the corresponding photographs. (f) The ML recovery behavior
and reproducibility of CasTi,07:0.25%Pr>* 1%Er**@PDMS after being charged with UV irradiation for 5 min.

red “Dog” pattern, while under 365 nm UV light, the trademark pattern when the UV light is ceased for 100 s, and all patterns
exhibits yellow “Cat”, red “Dog”, and green “Horse” patterns. vanish at 250 s. Additionally, the trademark gradually changes
Interestingly, after being exposed to 365 nm UV light for 5 min, from the yellow “Cat”, red “Dog”, and green ‘“‘Horse” patterns
the trademark features the brighter red “Dog” pattern and the to green “Cat” and green ‘“Horse” patters when continually
darker red “Cat” pattern. There is only a darker red “Cat” irradiated by a 980 nm laser (0.6 W) for 20 s. When the pump
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e
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Ca,Ti,0,:0.25%Pr3* 96'0

> Ca;Ti,0,:1%Er?

’(4
0‘,\ Delay 20 s

-

Fig. 6 (a) The fabrication process and application of the trademark. (b) The specific components of each part of the trademark. (c) The PL, LPL, ML, and
PSL-UCL photographs of the phosphor stimulated by 254 nm light, 365 nm light, thermal disturbance, a 980 nm laser (0.6 W, 1.5 W), and force,
respectively.
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density is increased to 1.5 W, the trademark exhibits stable
green ‘“Cat” and green “Horse” patterns by continually
prolonging the irradiation time. Under the stimulation of
stress, a bright red ML is observed by rubbing the trademark
with a glass rod. Based on the PL, LPL, PSL, UCL, and ML
properties, the trademark can achieve dynamic anti-
counterfeiting with heterogeneous readout methods. This is a
significant advantage for the applications of information
encryption and anti-counterfeiting.

4. Conclusion

In summary, we have successfully synthesized
Ca;Ti,0,:Pr** Er*" phosphor with multi-mode luminescence,
which includes PL, LPL, PSL, UCL, and ML properties.
Ca;Ti,0,:Pr’* Er*" emits red and yellow light under 254 nm
or 365 nm light, respectively, and exhibits red LPL, ML, and
PSL, and green UCL behaviors. Notably, the emission colors of
Ca3Ti,0,:Pr** Er*" can be modulated from yellow to green upon
continuous irradiation by a 980 nm laser with a low pump
power of 0.6 W. However, when the pump power increases to
1.5 W, the output colors remain green over time. Finally, the
multi-mode luminescence of Ca;Ti,0,:Pr’* Er*", which coop-
erated with Ca;Ti,0,:Pr*" and Ca,Ti,O,:Er’", has enabled the
realization of dynamic anti-counterfeiting. Our work introduces
a novel approach for designing multi-mode anti-counterfeiting
technology with a high level of security.
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