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Abstract.  Anti-counterfeiting plays an essential role in authenticating genuine documents and combating forged 

products. To further advance the anti-counterfeiting technology, there is a strong demand to design new functional 

materials with unique properties that will be appropriate for making multimode complex security labels. Recently, 

dynamic security labels have emerged as a new type of advanced anti-counterfeiting method as they can hold a 

much higher security level than those traditional static ones. In this paper, we reported that calcium zinc germanate 

(CZGO) clinopyroxenes doped with lead ions have several interesting optical properties, such as dynamic fluo-

rescence, long persistent luminescence (PersL), and photochromism. We found that the concentration of lead 

dopants can significantly impact the reaction kinetics, as well as the crystallinity and luminescence properties of 

CZGO phosphors. By fully utilizing these unique properties, we have successfully fabricated several security 

labels with multi-level information encoding and dynamic optical performance. The combination of multimode 

and dynamic luminescence makes these labels extremely challenging to be illegally duplicated. With further op-

timization, these lead-doped CZGO clinopyroxene can be well-integrated into modern anti-counterfeiting tech-

niques that will generate highly secure anti-counterfeiting labels to combat fake products. 
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Introduction 

With the development and advances in the global economy, counterfeit activities have emerged as a sig-

nificant challenge. Counterfeiting causes economic loss and poses risks to public health and homeland security. 

Various anti-counterfeiting approaches have been designed to battle counterfeiting activities. Single-layered ap-

proaches such as holograms,1 watermark,2 bar codes,3, 4 and QR codes5 have been well-established and applied in 

anti-counterfeiting. However, these single-layered approaches lack sufficient complexity, can be easily replicated, 

and are prone to reverse engineering by counterfeiters. Thus, researchers are designing more unique and compli-

cated materials to enhance security. As a result, multilayered approaches such as security printing, surface-en-

hanced Raman spectroscopy (SERS),6, 7 and RFID tags8 have raised significant attention to combat counterfeiting. 

However, these multilayered approaches are usually static. It is necessary to aim for a dynamic anti-counterfeit 

approach with enhanced complexity and security. 

In recent years, dynamic anti-counterfeiting techniques have been reported, which are associated with 

various working mechanisms, including dynamic upconversion luminescence,9 persistent luminescence (PersL) 

/phosphorescence,10-14 fluorescence,15-17 and photochromism.17, 18 Notably, organic materials like spiropyran and 

its derivatives have demonstrated excellent dynamic fluorescence properties due to their reversible structural 

changes.15, 18-21 For instance, Yang et al. demonstrated the application of a spiropyran-loaded lanthanide metal-

organic framework (SP@Ln-MOF).15 The SP@Ln-MOF showed a reversible dynamic fluorescence color change 

from yellowish-green to orange to red within 60 seconds, which is excellent for anti-counterfeiting applications. 

In addition to organic phosphors, certain inorganic materials have also been explored as functional materials for 

dynamic anti-counterfeiting. Katumo et al. reported dynamic anti-counterfeiting applications using Gd2O2S: 

Eu3+/Ti4+ phosphors.14 In their work, changing the dopant concentration allowed the phosphor materials to have 
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persistent luminescence with different lifetimes. The authors then combine three different phosphors to form a 

series of digital numbers and utilize a cell phone to capture the persistent luminescence. The results showed a 

dynamic change of numbers, which could be used for dynamic anti-counterfeiting. Inorganic materials possess 

several advantages over organic counterparts, such as increased chemical inertness, excellent thermal/photosta-

bility, and enhanced durability in real-world applications. However, most inorganic materials used in dynamic 

anti-counterfeiting rely on upconversion or persistent luminescence; there is currently little research utilizing 

dynamic fluorescence inorganic materials. 

Germanate materials have gained significant attention in the field of luminescence due to their excellent 

chemical stability. Numerous studies have focused on utilizing germanate as a host material that contains various 

dopants to create phosphor materials with exceptional luminescent properties. For example, germanate material 

Zn2GeO4 (ZGO) has been intensively studied in the last few decades22-30, and ZGO-based phosphor materials 

have been utilized in anti-counterfeiting labels with excellent outcomes.30-32 Other germanate materials could also 

be good candidates for anti-counterfeiting applications. One such material is CaZnGe2O6 (CZGO), which is a 

clinopyroxene material utilized in long persistent luminescence phosphors.33-36 The dopants used in CZGO clino-

pyroxene include chromium (Cr);35, 37 manganese (Mn);33, 38 bismuth (Bi);33, 39 dysprosium (Dy);36 terbium (Tb),34 

and lead (Pb).17 In particular, Dong et al. recently reported the synthesis and application of lead-doped CZGO 

(CZGO: Pb) with dynamic fluorescence and photochromic properties.17 They found that CZGO with 1.4% Pb 

dopant can be integrated into PDMS films for advanced anti-counterfeiting applications. However, systematic 

investigation of the CZGO materials is still missing in the literature, such as the dopant concentration impact, 

reaction condition optimization, and luminescence mechanism study. It is essential to solve these obstacles to 

fully utilize these novel CZGO clinopyroxene for the application of advanced anti-counterfeiting. 

In this work, we synthesized a series of lead-doped CZGO phosphors (CaZnGe2O6: Pb) with dopant con-

centrations ranging from 0.1% to 10% via a known solid-state synthetic method. CZGO phosphors were charac-

terized with X-ray diffraction for the optimization of synthesis parameters such as reaction time and temperature. 
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The optical properties of CZGO, including dynamic fluorescence, photochromism, and persistent luminescence, 

were examined using optical imaging, spectroscopy, and time-dependent intensity measurements. Furthermore, 

we demonstrated that these lead-doped CZGO phosphors can be used in making multimode anti-counterfeiting 

labels with dynamic luminescent performance.  

Experimental 

Chemicals and Materials 

CaCO3 (Certified ACS) was purchased from Fisher Scientific, and ZnO (nanopowder) and GeO2 

(99.999%) were purchased from Millipore Sigma. PbO (99.7%) was purchased from BAKER ANALYZED™ 

Reagent. Commercially available acrylic gel was used as a medium for anti-counterfeiting paint. All chemicals 

and materials were used without further purification.  

Synthesis and materials process 

CaCO3, ZnO, GeO2, and PbO were weighed stoichiometrically, then mixed and ground using an agate 

mortar and pestle. The mixture was transferred into a 1.7 mL porcelain crucible and heated in a muffle furnace 

(Thermolyne 46900) at 1050 °C for a desired period of time. After the reaction, the products were cooled in the 

oven before being ground into a fine powder. For analysis, the phosphor materials were pressed into pellets using 

a Carver Manual pellet press. Anti-counterfeiting paint was produced by mixing phosphor powder with an acrylic 

gel/ water mixture. 

Characterization 

All phosphor samples were examined with powder X-ray diffraction (Rigaku Ultima IV). The fluores-

cence spectra and dynamic fluorescence spectrums were acquired with a Horiba Duetta Fluorescence and Ab-

sorbance Spectrometer. The UV excitation source is a portable UV lamp (ENF-240C, Spectroline), and the optical 

images were captured using an iPhone 12. Agilent Cary 5000 UV-Vis-NIR Spectrophotometer was used to meas-

ure the reflectance spectra of the compressed pellets. During the measure of dynamic fluorescence, each spectrum 

was acquired in 0.45 seconds, and the spectra were recorded every 0.5 seconds. 
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Results and discussion 

The synthesized phosphor material, CZGO: 0.25% Pb, appears as an off-white powder in ambient condi-

tions, as shown in Figure 1a. The phosphor emits a vibrant green fluorescence emission upon exposure to 254 nm 

UV irradiation, as seen in Figure 1b. Notably, this fluorescence undergoes a rapid transition to blue under one 

minute of continuous UV light exposure, as illustrated in Figure 1c. This phenomenon becomes particularly ap-

parent when we use a spatula to remove the surface layer of the phosphor material, as shown in Figure S1. Im-

mediately upon removal of the surface layer, we can easily observe the original green fluorescence from the 

freshly exposed phosphor materials (See Supporting Video). Subsequently, the green-emitting region transitions 

to blue and displays a fluorescence similar to the neighboring areas, which have been exposed to UV light con-

tinuously. Furthermore, upon discontinuing the UV irradiation, we observe a red-colored persistent luminescence 

(PersL), as depicted in Figure 1d. This PersL is notably strong and remains easily discernible to the naked eye, 

even 30 seconds after the cessation of the UV lamp. 

 

Figure 1. Photos of CZGO: Pb phosphor powder (a) under room light, (b) immediately under UV light, (c) one 

minute under UV light, and (d) after turning off the UV light. 

The powder XRD pattern of the phosphor is shown in Figure 2a, which has several high-intensity peaks 

located approximately at 29.2° and 35.1°. Upon a closer examination, we can see that there are multiple peaks 

between 33.97° and 35.08°, which are 34.29°, 34.35° and 34.55°. These three peaks along with the intense peak 

a b

c d
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at 29.24° match well with the XRD pattern of CaZnGe2O6 clinopyroxene (PDF Card No.: 00-034-0273). We also 

noticed extra peaks present in the pattern although the intensity is quite low. These extra peaks can be associated 

with certain intermediate materials and /or byproducts, such as Zn2GeO4 and Ca2Ge7O16, which have XRD peaks 

at 30.86°, 33.35°, and 31.52°, 31.82° respectively (PDF Card No.: 04-007- 5691 and PDF Card No.: 00-034-

0286).40, 41 Since the intensities of these impurities are very weak, we can concluded that the majority of product 

of our solid-state synthesis is the CZGO clinopyroxene.  

 

Figure 2. (a) XRD pattern of CZGO: 0.5% Pb and database reference; XRD patterns of CZGO: 0.5% Pb syn-

thesized at 1050 °C for different times (b) and at different temperatures for 20 hours (c). 

Solid-state synthesis conditions have a direct impact on the crystal structure and phase purity, which can influ-

ence the optical properties of the material. Therefore, it is crucial to thoroughly examine and optimize these 
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reaction conditions. Here, two series of experiments were carried out to evaluate the impact of reaction time and 

temperature. For the first set of experiments, we maintained a standard synthesis temperature of 1050 °C, and the 

reactions were carried out at four different time intervals: 5 hours, 10 hours, 20 hours, and an extended duration 

of 48 hours. From the XRD data (Figure 2b), intermediates, such as Zn2GeO4 at 30.86° and 33.35°, were observed 

between these major peaks, along with the presence of Ca2Ge7O16 in the samples (peaks at 31.52° and 31.82°). It 

was observed that these impurities and intermediate peaks decreased with a longer reaction time, which suggested 

that the reaction is continuously ongoing until a 20-hour time period. This overall trend suggests that a longer 

reaction time can yield a purer product, which has cleaner XRD patterns with fewer and weaker intermediates 

peaks. Notably, the reaction time also exerts an intriguing influence on the photoluminescence color. At shorter 

reaction times, the CZGO clinopyroxene retains its primary static green fluorescence and red persistent lumines-

cence, as depicted in Figure S2. However, the 20-hour and 48-hour reaction times unveil a captivating dynamic 

fluorescence effect, which is similar to the phenomenon shown in Figure 1. 

To investigate the temperature-dependent effects, a series of CZGO materials was synthesized for a reaction 

time of 20 hours using various temperatures. Their XRD data are shown in Figure 2c. At both 600 °C and 750 °C, 

only raw materials are detected, including ZnO, CaO, and GeO2. For materials synthesized at 900 °C, some in-

termediates begin to form, such as Zn2GeO4 and Ca2Ge7O16. At 1050 °C, the CZGO samples exhibit the major 

peaks of CZGO clinopyroxene at 28.94°, 34.29°, 34.35° and 34.55° while the intermediate peaks are of very low 

intensity. These findings clearly indicate that it is necessary to have the reaction at 1050 °C or above for the 

CZGO syntheses. 

Interestingly, dopant concentration plays an important role in the formation of CZGO. At lower concen-

trations of lead ions within the clinopyroxene host, intermediates emerge in the product, as elucidated in the XRD 

data in Figure 3a. However, as the dopant concentration exceeds 3%, the intensity of these intermediate peaks 

gradually diminishes, resulting in a cleaner XRD pattern. With the increase in dopant concentration, the peak 

intensity ratio between Ca2Ge7O16 and CZGO decreases (Figure S3). It seems that the lead dopants acted like a 
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“catalyst” that can increase the reaction rate for the solid-state synthesis. However, the exact cause of this phe-

nomenon is still unclear and requires further investigation.  

Furthermore, the dopant concentration has a significant influence on the optical properties of the synthe-

sized CZGO clinopyroxene, as shown in Figure 3b. All these CZGO tablets give a similar pale white color under 

ambient lighting. Under UV lamp irradiation, these tablets emit a strong fluorescence. For non-doped CZGO, the 

fluorescence is green. It remains green fluorescence when the lead dopant is below 1.0%. When the dopant con-

centration further increases, the fluorescence color changes to yellow, orange, and eventually red.  Meanwhile, 

most of these tablets have a strong PersL (except samples of 0 and 0.1% dopant). The PersL color changes from 

pinkish red to a solid red for CZGO with high concentrations of lead doping. These sets of CZGO materials with 

vivid and colorful fluorescence and persistent luminescence are ideal for constructing complex anti-counterfeiting 

applications.  

 

Figure 3. (a) XRD patterns of CZGO doped with different concentrations of Pb2+; (b) Optical images of CZGO 

tablets with different dopant concentrations. 

Among all the different dopant concentrations, we found that the CZGO: 0.25% Pb has the overall best 

dynamic fluorescence performance. With a careful examination of this sample, we noticed that the phosphor’s 
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natural color changes after exposure to 254 nm UV light, indicating the presence of photochromic properties in 

this phosphor material. To delve deeper into this phenomenon, we studied reflectance spectroscopy on this phos-

phor sample, as presented in Figure 4a. The unexposed sample, when compared to the background KBr, shows a 

very high total reflectance (>98%) between 385 nm to 800 nm. Once the sample was exposed to 254 nm UV light 

for five minutes, it showed a substantial decrease in absolute reflectance as compared to the unexposed sample, 

especially from 385 nm to 600 nm. By comparing the reflectance difference between the exposed sample and the 

unexposed sample, we constructed an absorption curve (Figure S4). This absorption curve showed a broad ab-

sorption peak around 380 nm, which indicates the phosphor has a yellowish color. To visually illustrate the pho-

tochromic transformation, we compacted the phosphor into a pellet and shielded it with a mask bearing the hol-

lowed symbol of "λ". After exposing the sample to the UV light for five minutes, the sample clearly exhibited a 

grayish-yellow "λ" symbol on the white pellet, showcasing the photochromic property. It is important to note that 

this photochromic property is fully reversible, as the sample will slowly change back to white under room tem-

perature and ambient lighting conditions in a period of eight hours.  
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Figure 4: (a) Absolute reflection spectrum of CZGO: 0.25% Pb before and after UV irradiation (insert: optical 

image of CZGO: 0.25% Pb sample after irradiation with 254 nm UV lamp); (b) Dynamic fluorescence spectrum 

of CZGO: 0.25% Pb (insert: kinetics study of three emission behavior); (c) Persistent luminescence spectrum of 

CZGO: 0.25% Pb; (d) CIE plot of initial fluorescence, final fluorescence, and persistent luminescence. 

The dynamic fluorescence properties of this material were thoroughly explored and evaluated. As shown 

in Figure 4b, the phosphor material has three emission peaks under 254 nm UV excitation, 417 nm (blue), 532 

nm (green) and 672 nm (red). With a continuous excitation of UV light for 60 s, the intensity of blue peak signif-

icantly increases; the green peak has a moderate increase, and the red peak has a minor decrease in intensity. 

Further analysis revealed the kinetic curve of these three emissions, as shown in the insert. Notably, the blue 

emission has the highest magnitude of change in its intensity, and it took 15 s to reach an intensity saturation, 

while the green emission achieves its maximum intensity at around five seconds. The combination of these two 
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kinetic behaviors results in the dynamic change of the phosphor’s fluorescence from green to blue. The entire 

kinetics process is illustrated in the waterfall plot shown in Figure S5. The change of fluorescence could be re-

versed when the phosphor material is fully relaxed, typically within 30 min under room temperature and ambient 

lighting. 

Additionally, the phosphor material also demonstrates a broad persistent luminescence emission at 673 

nm, which gives this phosphor material a red afterglow (Figure 4c). The CIE plot, shown in Figure 4d, reflects 

the color of the dynamic fluorescence and the persistent luminescence. The fluorescence color of the phosphor 

will continuously shift from teal (X: 0.235 Y: 0.312) to light blue (X: 0.202 Y: 0.225) over time, and when the 

UV irradiation is removed, the persistent luminescence assumes a red color (X: 0.424 Y: 0.306). This rapid blue 

shift in emission color is very obvious and could be very promising for applications in dynamic anti-counterfeit-

ing. 

The unique luminesce properties of CZGO: Pb clinopyroxene can be attributed to its well-defined crys-

talline structures of the host materials, as well as the perfect fit of the dopant ions in the host matrix. When 

examining the synthesized undoped CZGO, its XRD patterns match those in the crystallography database, and 

the crystal structure which is reproduced using a previously published cif file is shown in Figure 5a.42 It is ex-

pected that Pb2+ ions would replace the Ca2+ ions due to their same coordination number and similar ionic radii.17 

Furthermore, we hypothesized that Pb2+ plays a crucial role in the phosphor’s photoluminescence properties. 

Upon investigating the luminescence properties of the undoped CZGO and the CZGO: Pb, we observed only one 

peak at 532 nm in the emission spectrum while the lead-doped material has three emission peaks (Figure S6). 

This suggests that the blue (414 nm) and red (672 nm) emissions are originated from the lead dopant center. 

Consequently, we propose a mechanism to explain the dynamic fluorescence and persistent luminescence prop-

erties of CZGO: Pb materials, as depicted in Figure 5b. The band gap of CZGO (4.19 eV) was determined by 

measuring the UV-visible spectra of a CZGO: Pb dilute suspension (Figure S7) and then calculated according to 

the known Tauc's method.43 Under 254 nm UV excitation, the excited electrons will jump to the conduction band. 
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Some electrons will migrate to the color trap state via nonradiative relaxation. Under UV excitation, the electrons 

in the color trap state will be able to absorb photons and jump to the conduction band, giving the phosphor a 

yellowish color in return, thus, contributing to the photochromism properties. With the removal of the UV exci-

tation, the electrons in the color trap will be depleted over time, resulting in the reversal of the photochromism.  

 

Figure 5. (a) Crystal structure of CZGO (reproduced with permission of the International Union of Crystallog-

raphy); (b) proposed mechanism of CZGO: 0.25% Pb clinopyroxene. 

 

The remaining electrons in the conduction band will migrate to the states in both the CZGO host and Pb2+ 

dopants. Following this process, the electrons in the matrix’s luminescence states will further relax to the valence 

band and emit 532 nm green emission. The electrons in the Pb2+ states will divide into two pathways, the first 

pathway will lead to relaxation from 1P1 state to S0, emitting 424 nm blue light. The other electrons will relax to 

3P0 before relaxing to S0, thus emitting the 672 nm red emission. We hypothesize that the electrons initially 

trapped in the shallow traps may migrate to both the Pb2+ and matrix sites. With a closer distance between the 

two states, the electrons are more likely to migrate to the Pb2+ states. With the continuous UV excitation, more 
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oxygen vacancies are generated, leading to the increase in the number of shallow traps. This process contributes 

to the gradual increase in blue and green fluorescence intensity. The oxygen vacancies will eventually reach 

saturation, thus resulting in the saturation of blue emission.  However, further studies are required to validate this 

hypothesis. 

Utilizing different CZGO: Pb clinopyroxene materials with manganese-doped zinc germanate phosphors 

(ZGO), we painted a label of a Christmas tree on black paper, as shown in Figure 6a. Under the room light, the 

label appears predominantly white and grey, with only some ornaments discernible, while the other ones remain 

nearly unnoticeable. However, under 254 nm UV excitation (as depicted in Figure 6b), the label transformed into 

a colorful image featuring a bright green outline, a green Christmas tree, and various ornaments of distinct shapes 

and colors, including sangria ovals, blue squares, mako triangles, purple diamonds, and a spectra star. The bright 

outline originates from our previously reported Zn2GeO4: Mn, and the green Christmas tree was painted using 

undoped CZGO. The various colorful fluorescence emissions for the ornaments are associated with different 

percentages of lead in the CZGO clinopyroxene (Figure S8). Once the UV lamp is turned off, the Christmas tree 

outline remains visible, though the tree itself becomes barely discernible. All these colorful ornaments now show 

red emissions with different intensities. These red ornaments will fade over time at different rates (Figure 6c). 

The square and triangle ornaments will disappear fast, while the circle and the star lose their emission at a much 

slower rate. This creates dynamic images that can be observed by the naked eyes and captured with a normal 

camera. When comparing the luminescence intensities, 5% Pb and 10% Pb doped CZGO have noticeably stronger 

PersL intensity than those with less percentage of dopants (Figure 6d). On the other hand, CZGO: 4% Pb has the 

longest PersL half-life of 0.55 s, with CZGO: 5% Pb following (Figure 6e). CZGO: 3% Pb has the fastest half-

life of 0.26 s, around half of CZGO: 4% Pb. Consequently, the square ornaments (3%) disappear first, followed 

by the diamond ornaments while the star (4%) and oval ornaments (5%) are still visible after 30 s. With that, we 

successfully demonstrated the potential of utilizing CZGO clinopyroxenes with various amounts of lead dopants 

to create multimode colorful labels that have dynamic luminescence properties for anti-counterfeiting.  



14 

 

 

Figure 6. Christmas tree pattern constructed with various germinate materials with (a) room light and (b) 254 

nm irradiation; (c) persistent luminescence image of Christmas tree under different time gate; (d) persistent lu-

minescence decay curve of CZGO: Pb; (e) persistent luminescence half-life of CZGO: Pb samples. 

CZGO: Pb clinopyroxene could be further applied to construct applications for hidden information stor-

age. To demonstrate this, a PVC card was laser engraved with digital numerical patterns and the trenches were 

filled with CZGO, CZGO: 0.25% Pb, and regular cornstarch. When viewed under room light, the numbers on the 

card display as "8888," as depicted in Figure 7a. These numbers appear uniformly due to the similar texture of 

CZGO, doped CZGO, and cornstarch. With that, no valuable information can be revealed. However, when ex-

posing the PVC card to 254 nm UV light, we can clearly observe a hidden number “8096”. Upon closer exami-

nation, we can see some portions of the numbers have different intensities, which can be either neglected when 

viewed from a distance or further optimized to achieve a better match. Furthermore, a second hidden number, 

“6735,” will only show up when the UV source is removed, which fades within five seconds. This hidden infor-

mation is safeguarded with two layers of security, demonstrating the potential application of CZGO clinopyroxene 

for highly secure hidden information storage. 
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Figure 7. Optical image of (a) laser engraved ID card; encrypted numbers using CZGO: 0.25% Pb phosphor 

under (b) room light; (c) 254 nm UV light, and (d) removal of 254 nm UV light; (e) optical images of erasable 

information storage under different time stamps. 

  Erasable information storage could also be achieved with the phosphor. As shown in Figure 7e, four hex-

agon patterns were prepared with CZGO: 0.25% Pb. Four letter masks, “C”,“Z”,“G” and  “O” were positioned 

on the hexagon before exciting with 254 nm UV light for 5 min. After five minutes, the masks were then removed, 

and we recorded the patterns’ changes over time under continuous UV Irradiation. Initially, the hexagon is teal in 

color, while the letters are yellowish-green. As time passes, the green letters slowly blend into the background as 

the color changes. This change of fluorescence color is observable both with a camera and the naked eye. Finally, 

after 60 s, the letters adopted the same color as the background and became completely unnoticeable. Conse-

quently, the encrypted information is no longer recoverable. Furthermore, if the encrypted information is not 

observed under UV light, the background material will slowly relax back to its initial state, thus erasing the in-

formation as well. This application showed that we could utilize the phosphor material for short-term and time-

sensitive information storage that is self-erasable over time. 
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To demonstrate the full potential of CZGO phosphor in anti-counterfeiting applications, we created a 

highly intricate tyrannosaurus rex (T-Rex) label. As shown in Figure 8a, we observe a detailed T-Rex head under 

ambient light. When exposed to 254 nm UV excitation, a green T-Rex head with a bright outline becomes visible. 

As UV irradiation continues, the detailed features of the T-Rex’s head undergo a color transformation from green 

to blue. Only the green outline will appear if we use 385 nm UV to excite the label (Figure S9). Upon removing 

the UV irradiation, the outline and a purple T-Rex skull are visible while the "meat and skin" portion of the T-

Rex are no longer discernible. Notably, the purple skull and the outline will also decay over time. Overall, this T-

Rex pattern changes from white to green, then from full green to partial blue, and finally to purple, that fades 

away. Additionally, the pattern's shape and details also change, from a dinosaur’s head to a fossilized skull. In 

this example, three distinct luminescence properties of the material are demonstrated, along with two unique 

dynamic changes: dynamic fluorescence from green to blue and the decay of persistent luminescence. The T-rex 

pattern was exposed under UV for the color change, and the process was repeated several times, even after a 

storage of six months in a normal condition. The color and intensity of the pattern remained unchanged (Figure 

S10). Thus, our anti-counterfeiting labels show good cycle stability in practical usage. This work proves the fea-

sibility of creating complex multi-mode security labels using our synthesized CZGO materials, which can be 

easily decoded and verified using a common UV light source.  

Lead-containing materials are, in general, harmful to the human body, especially to young children. For 

any practical applications, the exposure of lead should be carefully controlled. Fortunately, our designed CZGO 

material contains only a very modest amount of lead dopant (0.25 %) yet is still able to deliver outstanding dy-

namic fluorescence performance. Additionally, CZGO material will be blended with a carrier medium, further 

lowering the lead concentration. Moreover, when we use the CZGO-contained medium as a security label on a 

driver's license or similar document, the size of the security pattern will be relatively small compared to the overall 

license. After thorough analysis, we have determined that the final product with a CZGO label will have a lead 

concentration at a level of 1 ppm, much less than the EPA's 90 ppm limit for commercial paints. In the future, we 
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might reduce the lead amount even further by adjusting the fabrication process, refining patterns, reducing layer 

thickness, and utilizing post-production processes such as encapsulation to prevent close contact with the lead-

contained paint. 

When compared to other luminescence-based materials, CZGO: Pb has the following advantages:  Firstly, 

it is not common for fluorescence materials, especially inorganic phosphors, to have dynamic fluorescence prop-

erties. Thus, this type of novel material is an excellent alternative to the conventional luminescence materials. 

Secondly, compared to organic phosphors, which could have dynamic properties, CZGO: Pb has the advantage 

of high stability since it has better thermostability, chemoresistance, and photo resistance. Last but not least, 

CZGO: Pb has photochromic, dynamic fluorescence, and persistent luminescence, which makes it extremely dif-

ficult for counterfeiters to reverse engineer. On the other hand, the disadvantages of this material include a limited 

color range when compared to other phosphor materials. So far, our materials are limited to the blue and green 

regions of photoluminescence. In the future, we aim to synthesize similar materials with a much broader range of 

luminescence. Additionally, although CZGO: Pb phosphor shows good performance under short-wavelength UV, 

it lacks strong emission with long-wavelength excitation, which could also limit the usage of this material in 

practical applications.  
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Figure 8. Optical images of T-rex constructed using CZGO and ZGO phosphors under (a) room light; (b) 254 

nm UV light, (C) 254 nm UV light after 30 s, and (d) after 254 nm UV light removed. 

Conclusion 

In conclusion, we have synthesized lead-doped calcium zinc germanate phosphor materials that exhibit 

unique photochromatic behavior and dynamic fluorescent properties. By varying the dopant concentration, we 

have synthesized CZGO phosphors with various colors of fluorescence and persistent luminescence emissions. 

These Pb-doped CZGO phosphors have demonstrated great potential in fabricating anti-counterfeiting labels due 

to their photochromatic properties, dynamic green-to-blue fluorescence, and the tunable decay of red persistent 

luminescence. With further optimization, these germanate phosphors will be a key functional material in prepar-

ing highly secure anticounterfeiting labels with multilevel encoding and unique optical performance that can be 

easily visualized for practical applications. 

 

Supporting Information 

a b

c d
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 Optical Images of freshly exposed phosphor materials and phosphor synthesized under different reaction 

times; impurity peak relationship with dopant concentration plot; calculated UV absorption plot; waterfall plot of 

dynamic fluorescence; UV absorption of phosphor/ water suspension and calculated Tauc plot; Christmas tree 

schematic pattern and optical image of T-Rex fluorescence under long wavelength UV. 
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