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Abstract 

Recently, combining long afterglow materials with organic fluorescent dyes, 

particularly carbon dots (CDs) to produce heterojunction and improve its 

luminescence and persistence properties became an important research direction. 

However, the precise role of these internal defects in the energy transfer process of 

CD@inorganic matrix composite fluorescent materials has not been thoroughly 

discussed. Establishing matching trap level to promote the energy transfer between 

the trap level and CDs level not only helps to enhance the afterglow performance, but 

also can explain the heterogeneous structure interaction between organic-inorganic 

fluorescent materials. Herein, ZLAGC@CDs luminescent composite was successfully 

synthesized via coating CDs on Zn1-x(Li/Al)xGa2xO4:0.005Cr3+ (ZLAGC, x=0-1), 

which exhibits a unique double emission at ~430 nm (the defect luminescence of CDs) 

and 718 nm (the 2E→4A2 transition of Cr3+). After coating, the energy transfer from 

the defect level of CDs to the excited state of Cr3+ enhanced the NIR emission. The 

electron transfer between the defect level of CDs and the split deeper trap level of 

ZLAGC also improved the visible and near-infrared (NIR) afterglow. The 

fluorescence and afterglow signals of ZLAGC@CDs are highly sensitive to solution 

pH under acidic conditions, indicating that the prepared fluorescent composite has 

potential application in acid microenvironment fluorescence detection. 

 

 

 

 



1. Introduction 

In recent years, Cr3+-doped zinc gallate near-infrared (NIR) persistent luminescence 

phosphors (PLPs) have become a hotspot in the research field of persistent 

luminescence and bioimaging because of the NIR emission and long afterglow 

properties[1]. The NIR PLPs based on ZnGa2O4:Cr3+ (ZGC) can be excited by various 

light sources, and their traps can store and release light energy after excitation, 

resulting in a unique time separation between excitation and emission, which could 

prevent self-fluorescence interference from the excitation light and make them 

become potential fluorescence sensing as well as detection materials[2]. Although 

much progress has been made in the study of ZGC, there is still ample room for 

further improvement in the application of NIR persistent luminescence signals in 

these nano particles, beyond regulating their crystal structure and inherent traps[3]. 

This limitation arises from the fact that the emission of the NIR PLPs is solely due to 

the absorption and emission of the doped Cr3+ ions in the ZGC. However, the 

concentration of Cr3+ ions must be kept extremely low in NIR PLPs (only a molar 

concentration of 0.5%), which limits light absorption in ZGC[4]. Therefore, designing 

and preparing new long persistent luminescence materials with excellent performance 

and practicality by combining long afterglow luminescence with special frequency 

band luminescence became an important research direction[5].  

Organic fluorescent dyes, particularly carbon dots (CDs), possess strong absorption 

and high emission efficiency[6]. These properties have been utilized to enhance the 

luminescence of inorganic phosphors through sensitization. CDs have small sizes, 

high specific surface areas, and rich surface functional groups, making them easily 

interact with chemical substances or be influenced by environmental factors, resulting 

in changes in optical properties, which makes CDs be developed into various 

sensors[7]. Sensitizing inorganic phosphors by combining organic dyes has been 

extensively discussed. For instance, utilizing the overlap of emission of CDs and 

absorption of activation ions, such as Yb, Nd, and Cr ions can effectively sensitize 

inorganic phosphors and enhance their quantum efficiency[8]. Another study by Yu and 



colleagues focused on improving the stability and red luminous efficiency of Mn2+ 

doped CDs@Zeolite Composites by energy transfer[9]. And the sensitization strategy 

employed by using the organic Rhodamine dye (5-carboxy-tetramethylrhodamine, 

TAMRA) also improved the luminescence and persistent luminescence signal of ZGC 

PLPs[10]. Furthermore, the mechanism of energy transfer in CD@inorganic matrix 

composite fluorescent materials has not been thoroughly investigated. CDs are known 

to be embedded in various materials, resulting in the formation of CDs-based 

afterglow materials, which is achieved through structural constraints and chemical 

bonds between the rigid matrix and the internal CDs, such as coordination bonds, 

covalent bonds, and hydrogen bonds. The integration of CDs fluorescent dyes with 

inorganic materials requires an effective driving force to the co-assembly of the CDs 

and the inorganic material. It is a promising method to sensitize PLPs by using CDs 

and long-persistence materials to produce heterojunction and improve its 

luminescence and persistence properties. Lu et al. have made significant progress in 

enhancing weak phosphorescent light and utilizing defection-stabilized triplet 

excitons to produce ultra-long and efficient CDs afterglow materials under visible 

light[11]. In another study, Hu et al. implemented core-satellite structures with 

amorphous silica decorated with CDS. Traps in these structures can capture and 

release electrons, which provide a stable triplet exciton[12]. Additionally, 

CDs@ZnAl2O4 composites were prepared by a simple calcination method, where CDs 

were embedded in the stable matrix structures[13]. The multi-emission afterglow 

properties of the CDS were primarily derived from various triplets produced by the 

matrix-assisted system and the trap-stabilized triplet excitons under different crossing 

paths between the systems. It is important to understand how the internal defects of 

inorganic substrates contribute to the energy transfer process. However, the precise 

role of these internal defects in the energy transfer process of CD@inorganic matrix 

composite fluorescent materials has not been thoroughly discussed. 

On the one hand, the Zn1-x(Li/Ga)xGa2O4:0.005Cr3+ phosphors developed in our 

previous study, possesses both deep and shallow traps[2d]. The deep traps allow for 

direct transfer of electrons to similar energy levels through tunneling, which 



contributes to the persistence of luminescence. On the other hand, increasing the 

calcination temperature enhances the absorption of visible light by Cr3+ ions[14]. 

Additionally, CDs exhibit numerous energy levels concentrated in the visible region, 

which is related to the defects. By combining CDs (construction external defects) with 

NIR PLPs, the matching of energy levels for PLPs and external defect CDs can be 

achieved, thereby enhancing the energy transfer between traps and external defects. In 

this study, spinel-structured phosphors Zn1-x(Li/Al)xGa2O4:0.005Cr3+ (x=0-1) were 

synthesized solid phase method. The strategy of energy transfer between CDs and 

Cr3+ ions was employed to enhance the NIR persistent luminescence. The 

hydrothermal method was used to combine CDs with Zn1-x(Li/Al)xGa2O4:0.005Cr3+ to 

create ZLAGC@CDs composite luminescent materials. The occupancy of [Li+-Al3+] 

substituents in the lattice was analyzed, and their effects on trap depth and 

luminescence properties were investigated. Furthermore, the luminescence 

mechanism and energy transfer mechanism of the ZLAGC@CDs composites were 

revealed. By studying the relationship between pH change and luminescence intensity, 

the relationship between pH change and optical properties was uncovered. 

Additionally, the potential application of ZLAGC@CDs composites in fluorescence 

detection of microenvironment changes was explored. 

2. Experimental section 

2.1 Synthesis of inorganic fluorescent powders 

Inorganic fluorescent powders containing special chemical compositions of 

Zn1-x(Li/Al)xGa2O4:0.005Cr3+ (x=0-1) were synthesized using ZnO, Al2O3, Ga2O3, 

Cr2O3, and Li2CO3 with a purity of 99.99% as raw materials (Aladdin Chemical 

Reagent Co., Ltd., Shanghai, China). Firstly, all the raw materials were mixed by a 

mortar and pestle for 30 min to ensure thorough mixing, according to the 

stoichiometric ratio of Zn1-x(Li/Al)xGa2O4:0.005Cr3+. The mixture was then preheated 

at 900°C in an alumina crucible under an oxygen atmosphere for 4 h. Then the sample 

was cooled to room temperature and ground for an additional 30 min and then heated 

at 1400°C under an oxygen atmosphere for 4 h to obtain the final inorganic phosphors. 



The heating rate for both heating steps was set at 5°C/min. 

2.2 Synthesis of CDs and composite fluorescent materials 

CDs and ZLAGC@CDs composite fluorescent powders were prepared using a 

hydrothermal method. The experimental materials (citric acid, urea, DMF, ZLAGC) 

were added to a beaker in different proportions and stirred magnetically for 30 min. 

Then the mixture was transferred to a 100 mL hydrothermal reactor and reacted at a 

fixed temperature (90, 120, 140, 160 °C) in a preheated oven for a certain period of 

time (2, 4, 6 h). After the reactor was cooled, the products were collected by 

centrifugation at high speed, washed with water and ethanol, then dried at in an oven 

to obtain the samples. 

2.3 Characterization techniques 

To identify the phase, X-ray diffraction (XRD, Model SmartLab, Rigaku, Tokyo, 

Japan) was used with Cu Kα radiation filtered through nickel, and the scan rate is 

10°2θ/min. With the assistance of the field emission scanning electron microscopy 

(FE-SEM, Model JSM-7001F, JEOL, Tokyo) and transmission electron microscopy 

(TEM, Model JEM-2000FX, JEOL, Tokyo), the he morphology of the products was 

observed. X-ray photoelectron spectroscopy (XPS) measurements were performed 

using the Model Axis Supra instrument (Kratos Analytical Ltd., Manchester, UK). 

The measurements were conducted in an ultra-high vacuum chamber with 

monochromatic Al Kα X-ray radiation, and the pressure is below 3×10-9 Torr. Then 

the binding energy was calibrated with the C1s peak at 284.8 eV. Fourier transform 

infrared spectroscopy (FT-IR) was conducted by Nicolet iS5 (Thermo Fisher 

Scientific, USA) with the KBr as standard. Fluorescence properties of the fluorescent 

powders were analyzed using a fluorescence spectrophotometer (FP-8600, Jasco 

Corporation, Tokyo, Japan) and a JY FL3-21 spectrophotometer (Horiba, Kyoto, 

Japan). Excitation was performed with the xenon lamp (450 W), the slits were set at 

10 nm for FP-8600 and 2 nm for JY FL3-21. The JY FL3-21 spectrophotometer was 

used to analyze the persistent luminescence with slits set at 20 nm for both excitation 

and emission. Prior to thermoluminescence (TL) measurement, the sample was 

exposed under the 254 nm UV light (15 W) and ~740 nm NIR LED light (25 W), and 



TL emission curves were recorded using FJ427A1 TL dosimeter (Beijing Nuclear 

Instrument Factory) at a heating rate of 1 K/s. NIR afterglow was captured using a 

P4-0118 night vision device. 

3. Results and discussion 

3.1 Synthesis of persistent luminescent phosphor with splitted electron traps 

  

Figure 1. A model of an energy level diagram depicting the energy transfer process 

between phosphors and CDs. (a) Traditional energy transfer process between 

phosphors and CDs without carriers transition processes from CDs to shallow traps 

(STs). (b) Energy transfer process between phosphors and CDs with carriers transition 

processes from CDs to deep traps (DTs). 

In theory, to enhance the luminescence and afterglow properties of NIR PLPs using 

Organic fluorescent dyes (CDs), it is necessary not only to find a specific frequency 

band for sensitive light emission to improve its emission efficiency but also to create 

an appropriate trap depth to facilitate tunneling in order to increase the afterglow 

intensity[2d, 15]. Spinel-structured ZnGa2O4:Cr3+ commonly exhibits a shallow trap 

depth, which results in a significant distance between the lowest unoccupied 

molecular orbital (LUMO) of CDs and the trap level, making energy transfer or 

tunneling effect virtually impossible (Figure 1a)[3c, 4b, 16]. Through material analysis, 

this study introduces the concept of the trap split NIR PLPs to capture and release 

carriers from LUMO, which can promote the energy transfer between the trap level 

and the excited state level of CDs, thereby enhancing the emission performance and 

long persistent luminescence signal of NIR materials (Figure 1b).  
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Figure 2. (a) PLE, (b) TL curves of ZLAGC samples. (c) Schematics illustrating the 

multi-trap energy level diagram with the increased x value. 

To obtain inorganic phosphors with appropriate trap depth, a series of NIR PLPs 

Zn1-x(Li/Al)xGa2O4:0.005Cr3+ (ZLAGC, x=0-1) were designed and synthesized using 

a straightforward solid-phase reaction. As shown in Figure S1, the space group of 

spinel structure gradually changes from Fd3
_

m (x<0.8, ZnGa2O4, JCPDS NO.38-1240) 

to P4332 (x=1, LiGa5O8, JCPDS File No. 38-1371) with the increase of Li+/Al3+ 

content, which also lead a reduced lattice constant (a=b=c) (Table S1)[2d]. As the 

increase of x value, the excitation peaks of Cr3+ ions shift towards longer wavelengths 

was demonstrated in the photoluminescence excitation (PLE) spectra (Figure 2a), 

which is caused by the reduced crystal field strength with the increase of Li+/Al3+ 

doping amount (Equations S1-S5, Table S2)[17]. The photoluminescence (PL) spectra 

and persistent luminescence decay curves of the sample are shown in the Figure S2 

and Figure S3. Previous studies have reported that crystal field changes may affect 

trap distribution such as the observed centroid migration in Ce3+ ion luminescence[2d]. 

Thermoluminescence (TL) curves of the ZLGGC samples were measured to 

investigate the trap depth and distribution, as illustrated in Figure 2b and Figure S4. 



The trap depth (E) and density (n)was estimated using equations as followed[14, 18]:  

E = Tm/500                              (1) 

n = ωIm/{β×[2.52+10.2×(μg-0.42)]}                  (2) 

the calculation results are presented in Table S3. As shown in Figure 2b, the TL peak 

gradually shifts towards higher temperatures, and the full width at half maximum 

(FWHM) gradually increases with an increase in the Li+/Al3+ content in ZLAGC, 

which cause the appearance of two traps: deep traps (DTs) and shallow traps (STs). 

This behavior is consistent with previous studies, the increase of Li+/Al3+ content 

leads the crystal field strength weak, resulting in deeper trap depths and wider trap 

energy levels (Figure 2c)[2d, 14]. The deep trap induced by this splitting creates 

conditions for subsequent energy transfer with CDs. To study the effect of the 

temperature on the ZLAGC structural, electronic and defect properties, 

low-temperature luminescence and thermo-luminescence measurement (Figure S5 

and S6) were conducted. The NIR emissions bands are regarded as excitonic 

emissions rather than associated with intrinsic defects, which proves that there are no 

intrinsic defects in the crystal[19]. In order to further analyze the thermo-luminescence 

of ZLAGC, the activation energies Ea of the thermal quenching was determined by 

using the expression as followed[19-20]:  

I=I0/(1+cexp(-Ea/kBT))                       (3) 

where I is the luminescence intensity, I0 is the luminescence intensity at 273 K, c is a 

constant parameter, kB is the Boltzmann’s constant, and T is temperature. Several 

research discussed the temperature dependence of the emission bands in 

ZnGa2O4:Cr3+ and LiGa5O8:Cr3+, as well as gave the activation energies Ea of the 

thermal quenching around 0.2 eV[21]. The calculated activation energies Ea of the 

thermal quenching is about 0.19 eV, which is similar to the data reported in the 

literature.  

3.2 Synthesis, structure and optical properties of ZLAGC@CDs 

Based on the literature reports, luminous carbon dots (CDs) were prepared by 

hydrothermal synthesis using citric acid and urea as reactants (at a reactant mass ratio 

of 1:2), dissolved in DMF, and mixed evenly. The hydrothermal reaction was 



conducted at 160°C for 4 h according to the raw material ratio specified by Li and 

colleagues[22]. The resulting sample was digitally photographed under an ultraviolet 

lamp, and it emitted yellow-green or green light under the excitation of 254 and 302 

nm. Under the excitation of 365 nm, a blue-green light was emitted. 
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Figure 3. (a) PLE, (b) PL spectra and (c) schematic diagram of the proposed 

luminescence mechanism of CDs. (d) PLE spectrum of ZLAGC monitored at 718 nm 

and PL spectra of CDs. (e) Schematic illustration of heterojunction formation for the 

ZLAGC@CDs samples. 

In general, CDs exhibit typical absorption in the ultraviolet region, with the main 

optical absorption peaks located in the ranges of 230-300 nm and 320-420 nm, 

corresponding to the π-π* and N-π* transition of the C=C and C=O/C=N bond, 

respectively[6b, 7b, 23]. The photoluminescence properties of the CDs solution were 

studied comprehensively. Figure 3a, 3b and S7 show the PLE/PL and UV-Vis 

absorption spectra of CDs in aqueous solution. Apparently, CDs water dispersion 

exhibited two major absorption peaks at about ~260 and ~400 nm consistent with the 

excitation spectrum, which proved the existence of π-π* and N-π* transitions in the 

CDs. Under the excitation of 254 nm, 272 nm, and 302 nm, the main peak of the PL 

spectrum was around 530 nm. Under the excitation of light at 365 nm wavelength, the 

emission peak of the PL spectrum was around 450 nm. Based on the study of the 



luminescent properties of CDs, a model for the multicolor luminescence mechanism 

was proposed, in which the transition of electrons from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) can 

occur in different luminous centers. Through the independent absorption of photons 

with different energies, the excited electrons can return to the ground state by 

radiative transition, resulting in multicolor fluorescence emission (Figure 3c and 

3d)[6b, 7a]. The ZLAGC phosphor (x=1), prepared previously, can be excited by light at 

~410 nm and ~580 nm wavelengths, exhibiting a high luminescence agreement with 

the CDs prepared in this section (Figure 3d). Therefore, the CDs prepared by this 

method can be coated with ZLAGC to prepare ZLAGC@CDs composite luminescent 

materials, which enable energy transfer between the CDs and Cr3+ and promote the 

storage of electrons in the splitting trap to enhance afterglow luminescence (Figure 

3e). 

Based on the above experimental results, the hydrothermal reaction conditions were 

further optimized by adjusting the reaction temperature and time to prepare composite 

phosphors (Table S4). The digital photos of ZLAGC suspension and ZLAGC@CDs 

aqueous solution (0.1g/mL) prepared under different synthesis conditions were shown 

in Figure S8, which were under different wavelengths ultraviolet excitation. From left 

to right, the samples are ZLAGC, ZLAGC@CDs-1, ZLAGC@CDs-2, 

ZLAGC@CDs-3, and ZLAGC@CDs-4. It can be observed from the figure that 

ZLAGC@CDs-2 and ZLAGC@CDs-3 composite phosphor solutions emitted red 

light under the excitation of 254 nm and 302 nm, and blue light under the excitation 

of 365 nm. Among them, ZLAGC@CDs-3 (obtained after a reaction at 120°C for 6 h) 

exhibited the strongest luminous intensity. The aqueous solutions of ZLAGC@CDs-4 

and ZLAGC@CDs-5 composite phosphors only emitted CDs light under the 

excitation of different ultraviolet wavelengths, without showing the NIR emission of 

ZLAGC. This phenomenon can be attributed to the higher reaction temperature 

promoting the carbonization of reactants like citric acid, and the addition of inorganic 

phosphor promoting heterogeneous nucleation, resulting in a thick CDs coating that 

shields the luminescence of ZLAGC phosphor[6a, 23]. Therefore, subsequent 



experiments were conducted using the preparation conditions of the ZLAGC@CDs-6 

sample. 
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Figure 4. (a) XRD patterns, (b) FT-IR spectra, (c, d) high-resolution XPS spectra of C 

1s, O 1s, and (e) Valence-band XPS spectra for CDs, ZLAGC, and ZLAGC@CDs. 

To analyze the structural characteristics of composite fluorescent materials, XRD, 

FT-IR, XPS, SEM, and TEM analyses were performed on the prepared CDs, ZLAGC, 

and ZLAGC@CDs. As shown in Figure 4a, the XRD patterns of CDs woned a broad 

peak around 25o, indicating that CDs had an almost amorphous carbon structure. Due 

to the poor crystallinity of nanomaterials compared to bulk materials, CDs had many 

lattice defects caused by abundant surface groups, resulting in a broad peak. 

Compared to the XRD patterns of ZLAGC, the diffraction peak of ZLAGC@CDs 

shifted to higher angles, indicating a decrease in regularity after surface 

functionalization of CDs[11, 13]. To further confirm these results, FT-IR measurements 

was performed on the prepared composite materials (Figure 4b). It can be seen in the 

FT-IR spectrum of CDs, wide and distinct absorption peaks can be seen at 4000-2000 

cm-1, indicating the presence of O-H and C-H groups. The peaks associated with C-H, 

O-H, and N-H stretching appeared at 1583, and 1367, 1190 cm-1, further indicating 

the presence of CDs. However, there are only 5 peaks in the FT-IR spectrum of 

ZLGGC[24]. The two peaks centered at 778 and 603 cm-1 were related to the tensile 



vibration of Ga-O, the 722 cm-1 peaks correspond to the tensile vibration of Li-O, and 

the peaks centered at 553 and 659 cm-1 were relevant to the symmetric tensile 

vibration and bending vibration of Al-O, respectively. After coating, the vibration 

peaks of various functional groups and metal-oxygen bonds appear, which indicating 

CDs were coated onto the surface of ZLAGC particles[2c, 13, 25]. XPS characterizations 

further support this result. Figures 4c, Table S5 and Figures 4d, Table S6 showed the 

high-resolution C 1s and O 1s spectra of the prepared samples, respectively. After CD 

encapsulation, the peaks of O 1s, C 1s, and N 1s were significantly enhanced. The C 

1s high-resolution spectrum of CDs was resolved into three peaks corresponding to 

surface adsorbed carbon (~285 eV), -COOH (~288 eV), and CO3
2- (~291 eV) 

groups[22b, 24c, 26]. The C 1s high-resolution spectrum of ZLAGC only had an adsorbed 

carbon peak, while the C 1s high-resolution spectra of ZLAGC@CDs and CDs were 

similar in shape. After ZLAGC encapsulation of CDs, the -COOH functional group 

increased. The C 1s high-resolution spectra of the three samples were compared, 

which indicated that CDs were successfully encapsulated onto the surface of ZLAGC. 

The O 1s high-resolution spectrum of CDs was resolved into two peaks corresponding 

to surface C-O/C=O (~532 eV) and N=O (~534.5 eV) groups[24b, 24c, 26a]. The O 1s 

high-resolution spectrum of ZLAGC mainly showed M-O bonds (~530 eV, M is a 

metal element), while the O 1s high-resolution spectrum of ZLAGC@CDs had not 

only M-O bonds but also abundant oxygen-containing groups, indicating successful 

encapsulation of CDs onto the surface of ZLAGC. These functional groups were 

beneficial for the solubility and stability of ZLAGC@CDs in aqueous solutions, 

thereby expanding its practical applications. Figure 4e shows the XPS valence band 

spectra of the samples. ZLAGC presented photoelectron peaks corresponding to O 2s 

(~23 eV), Ga 3d (~19 eV), Zn 3d (~10 eV), and O 2p (~5 eV) orbitals in the low 

binding energy range near the Fermi level. After encapsulation with CDs, the O 2s 

(~23 eV) orbital photoelectron peak of ZLAGC@CDs was significantly enhanced, 

and the maximum energy of the valence band top increased from 2.21 eV to 2.87 eV. 

All the XPS analyses showed that the binding energy increased after CDs coating, 

which is perhaps due to that the electron transfer between CDs and ZLAGC increased 



the binding force after X-ray excitation of the samples[26a, 27]. Figures S6a-c show the 

SEM morphologies of CD, ZLAGC, and ZLAGC@CDs powders, respectively. CDs 

formed micrometer-sized agglomerates with a spherical shape, while ZLAGC 

particles were irregularly shaped at micro- and sub-micrometer scales. The 

morphology image of ZLAGC@CDs clearly showed that CDs were uniformly 

encapsulated onto the surface of ZLAGC particles. The elemental analysis results of 

sample surfaces (Figures S6d-g) indicated that Al, Zn, Ga, O, and C elements were 

uniformly distributed in the samples, further confirming that CDs were uniformly 

encapsulated onto the surface of ZLAGC particles. 
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Figure 5. (a, b) PL spectra, (c-f) persistent luminescence curves, (g) digital 



photographs, and (h) NIR afterglow images of CDs, ZLAGC, and ZLAGC@CDs 

taken after UV light excitation. 

The photoluminescence properties of aqueous solutions (0.1g/mL) of CDs, ZLAGC, 

and ZLAGC@CDs composite phosphors were analyzed, as depicted in Figure 5. The 

PL spectra obtained under different UV excitations showed distinct differences 

(Figure 5a and 5b). Under excitation at wavelengths of 254 nm and 365 nm, broad 

emission peaks were exhibited in the visible range of 350-650 nm and 400-550 nm, 

respectively. ZLAGC displayed strong emission at approximately 718 nm (2E→4A2 

transition of Cr3+) with 254 nm excitation, but showed weak NIR emission under 365 

nm excitation. The PL spectra of ZLAGC@CDs exhibited two emission peaks at 

around 450 nm and 718 nm, corresponding to the defect emission of CDs and the 

emission of Cr3+, respectively. The NIR emission intensity was significantly stronger 

than the visible light emission under 254 nm excitation, while the intensities of visible 

light and NIR light emission were comparable under 365 nm excitation. The visible 

and NIR emissions of ZLAGC@CDs composite phosphor were significantly 

enhanced under UV excitation, resulting in an intensity increase of nearly three times. 

The enhancement of NIR luminescence after CDs coating indicated the energy 

transfer processes from CDs to ZLAGC. 

Analysis of the fluorescence imaging of CDs, ZLAGC, and ZLAGC@CDs 

composite phosphor solutions stimulated by UV light at different wavelengths was 

performed, as shown in Figure 5g. From left to right, the images correspond to 

aqueous solutions of CDs, ZLAGC, and ZLAGC@CDs. The emitted colors were 

consistent with the PL spectra. Under 254 nm excitation, CDs emitted blue-green light, 

ZLAGC emitted pink light, and ZLAGC@CDs emitted violet light. Under 365 nm 

excitation, CDs emitted blue-green light, ZLAGC emitted very weak light, and 

ZLAGC@CDs emitted blue light. The emission behavior of ZLAGC@CDs exhibited 

clear dependence on the excitation wavelength. 

The persistence luminescence analysis of CDs, ZLAGC, and ZLAGC@CDs 

composite phosphor solutions was conducted, and the decay curves under different 

UV excitations were shown in Figure 5c-5f. After exposure to UV excitation, no 



afterglow signal was observed for visible light or NIR light monitoring, indicating the 

absence of persistent luminescence in CDs. The ZLAGC samples exhibited NIR 

afterglow with a duration of over 2000 s, and the afterglow intensity was stronger 

after 254 nm excitation than that after 365 nm excitation. The visible light afterglow 

signal was not detected for ZLAGC samples under different UV excitation. After the 

CDs coating, the visible and NIR afterglow signals of ZLAGC@CDs composite 

phosphors were significantly enhanced, which can be inferred from the decay curves. 

This enhancement can be attributed to the defects in CDs enhancing the light storage 

capacity of ZLAGC, reflecting the energy transfer of CDs emission to the splitting 

trap, which leads to the enhancement of afterglow. The NIR afterglow images of the 

composite phosphor solution of CDs, ZLAGC, and ZLAGC@CDs after 254 nm 

excitation for 5 min were shown in Figure 5h. CDs exhibited almost no NIR afterglow, 

while the coating of ZLAGC phosphor by CDs increased the afterglow intensity of 

ZLAGC@CDs, which corresponded to the decay curve. This further demonstrated 

that the CDs coating on ZLAGC improved the afterglow behavior of the samples. 

Compared with ZLAGC@CDs, there was a small improvement in the NIR afterglow 

performance of ZGC by coated CDs (Figure S10 and S11), which indicates that the 

split deep trap promoted the tunneling effect between deep trap and CDs defect level. 

To understand this enhancement effect in more detail, the fluorescence lifetime was 

investigated. As shown in Figure S12, CDs and ZLAGC@CDs were excited at an 

excitation wavelength of λex=249 nm, and the decay time have been measured and the 

lifetimes have been calculated with a biexponential fit. The fast decay directly after 

excitation in curves can be attributed to the Raman scattering of water. It is clearly 

visible that the decay of ZLAGC@CDs (1.76 ns) is much faster than CDs (3.75 ns), 

which can prove the energy transfer processes from CDs to ZLAGC[28]. 

Based on the above analysis, a schematic diagram summarizing the preparation of 

ZLAGC@CDs samples as well as the excitation, emission, and afterglow processes of 

composite phosphor was presented in Figure 6. The successful combination of 

blue-green emitting CDs with ZLAGC yielded a composite phosphor with double 

emissions of blue and NIR. Normally, under UV excitation, electrons of ZLAGC were 



excited from the valence band to the conduction band, resulting in excited electrons 

and holes. The electrons of Cr3+ ions were promoted from the ground state 4A2 to 

excited states, followed by relaxation to the 2E level and subsequent transition back to 

the 4A2 ground state, resulting in NIR luminescence at ~718 nm. Meanwhile, ground 

state electrons in Cr3+ and the valence band were excited to the conduction band. 

Subsequently, the electrons were captured by the traps located near the conduction 

band. Upon the cessation of UV excitation, the trapped electrons were released and 

recombined with the excited state levels of Cr3+, resulting in NIR afterglow 

emission[1a, 3a, 3c]. Upon excitation of CDs, electrons transitioned from HOMO to 

LUMO, relaxed to the defect state, and radiatively transitioned back to HOMO, 

resulting in blue fluorescence[10, 13, 26a]. 

 

Figure 6. (a) Schematic illustration for the preparation of ZLAGC@CDs samples. (b) 

Schematic diagram of the proposed luminescence mechanism of ZLAGC@CDs 

In the schematic diagram of ZLAGC@CDs, there are three characteristic energy 

transfer processes: (1) The enhanced NIR emission of Cr3+. The electrons on LUMO 

were transferred to the excited states of neighboring Cr3+ ions, followed by 

non-radiative relaxation to the 2E state, and finally transitioned to the 4A2 ground state, 



leading to the enhanced NIR emission of Cr3+. (2) The enhanced NIR afterglow. The 

splitting of trap levels in ZLAGC facilitated the transfer of electrons between the deep 

traps and LUMO. After UV excitation, the traps not only capture the electrons on the 

conduction band, but also the electrons on the LUMO of the CDs transfer to the deep 

trap through the heterojunction, which leads to the enhancement of the NIR afterglow. 

(3) The enhanced visible light afterglow. Obviously, achieving effective radiation 

transition under UV irradiation to visible light afterglow is difficult. Fortunately, the 

LUMO energy levels of CDs are just matched with the split deep trap energy levels of 

ZLAGC, which transfer the electrons from deep traps to the LUMO of CDs and 

enhanced visible light afterglow. 

3.3 Acid fluorescence detection of ZLAGC@CDs 

It has been reported that changes in pH can alter the molecular or electronic 

structure of certain CDs, resulting in changes in the emission wavelength and 

fluorescence intensity, thereby making them pH-dependent[24a, 29]. In this study, the 

photoluminescence analysis of the ZLAGC@CDs composite phosphor aqueous 

solution (0.1g/mL) was performed under different pH conditions. Figures 7a and 7b 

show the PL spectra obtained under different UV light excitations, respectively. It can 

be observed that under acidic conditions, the fluorescence intensity gradually 

decreased with decreasing pH value. At pH=7, the fluorescence intensity of 

ZLAGC@CDs was approximately 3-4 times higher than that at pH=1. Under acidic 

pH conditions, the protonation of amino/amide groups resulted in the destruction of 

the C-N/C=N fluorescence source, leading to a decrease in the π-π* and n-π* 

transitions and ultimately resulting in fluorescence quenching[6a, 24a]. Figure 7g 

displays the digital photos of the ZLAGC@CDs composite phosphor aqueous 

solution excited by UV light at different wavelengths under different pH conditions. 

Successively shown from left to right are the aqueous solutions of the ZLAGC@CDs 

composite phosphor solution at pH=1, pH=3, pH=5, and pH=7. As the pH decreased, 

the observed purple-red luminescence intensity of ZLAGC@CDs gradually increased 

under 254 nm excitation. Conversely, the blue luminescence of ZLAGC@CDs 

gradually decreased under 365 nm excitation, showing a luminous color change 



consistent with the PL spectra. Under acidic conditions, ZLAGC@CDs exhibited a 

promising pH-dependent fluorescence detection ability. 
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Figure 7. (a, b) PL spectra, (c-f) persistent luminescence curves, (g) digital 

photographs, and (h) NIR afterglow images of ZLAGC@CDs as a function of the 

solution pH (1 to 7) under UV excitation.  

Persistence analysis of the ZLAGC@CDs composite phosphor aqueous solutions 

under acidic conditions with different pH values was conducted. The decay curves 

and persistence imaging are shown in Figure 7c-f and Figure 7h, respectively. Under 

acidic conditions with decreasing pH values, the residual intensity and duration of 

both visible and NIR light in ZLAGC@CDs decreased, suggesting weakened energy 



transfer from CDs to ZLAGC due to the protonation of functional groups in the 

sample under acidic pH conditions[23-24]. 

The pH dependence of the fluorescence intensity of ZLAGC@CDs under alkaline 

conditions was also investigated. As shown in Figure S13, the digital photos of the 

samples excited by different UV light showed no significant change in the 

luminescent color of ZLAGC@CDs with an increase in pH, indicating that changes in 

pH in alkaline environments did not affect the optical properties of ZLAGC@CDs. 

Furthermore, the detection of ZLAGC@CDs for other substances was verified. 

Various ions Na+, K+, Mg2+, Zn2+, Ca2+, Cd2+, Li+ and H+, 0.1 M) and bioactive 

molecules (Glucose, GSH, Cys, Asp, Gln, etc.) were tested at a concentration of 5 

mM. The fluorescence intensities at the two emission wavelengths are shown in 

Figure S14. Compared to the fluorescence intensity of ZLAGC@CDs in the aqueous 

solution at pH 7, there were no significant changes in the fluorescence intensity of the 

solutions containing other substances, except for a sharp drop in the fluorescence 

intensity of the solution containing H+ (0.1 M, pH=1). This indicates that 

ZLAGC@CDs exhibited no significant signal response to these substances and that 

these substances did not interfere with the fluorescence signals. These results 

demonstrate that ZLAGC@CDs showed high sensitivity to H+ and was unaffected by 

other ions and bioactive molecules. 

4. Conclusion 

In this study, a series of Zn1-x(Li/Al)xGa2xO4:0.005Cr3+ (x=0-1) NIR persistent 

luminescent phosphors were synthesized by solid-state reaction. Then ZLAGC@CDs 

composite luminescent material was prepared by hydrothermal reaction. The samples 

were Characterized by XRD, PLE/PL, TL, FT-IR, XPS spectra and persistent 

luminescence decay analysis. The substitution of Zn2+ by Li+/Al3+ ions leads to the 

splitting of the trap energy level, thus promoting the tunneling effect between deep 

trap and CDs defect level. After coating, energy transfer between defect level of CDs 

to excited state of Cr3+ ions takes place, which contributes to a unique double 

enhanced emission at ~430 and 718 nm. The electron transfer between the defect level 



of CDs and the split deeper trap level of ZLAGC also improves the visible and NIR 

afterglow. The fluorescence and afterglow signals of ZLAGC@CDs are highly 

sensitive to solution pH under acidic conditions, which provides new applications of 

acid microenvironment fluorescence detection. 
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The ZLAGC@CDs phosphors exhibit double emissions at ~430 and 718 nm. The 

CDs→Cr3+ energy transfer enhances the NIR emission. The interaction between CDs 

and electron traps improves visible/NIR afterglow. The phosphors are fluorescence 

sensor for acid microenvironment detection. 
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