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A B S T R A C T   

Lanthanide single-atom-based CQDs-N:Eu3+@MOF-Ln composites were reported for the time. The results of both 
DFT calculation and experimental characterization show that C atoms can not be replaced by Eu3+, but C atoms 
are more favorable for anchoring Eu3+ single-atoms. The CQDs modified by N or N/Eu3+ showed enhanced 
luminescence intensity. The work function, optical properties, and charge density difference were calculated. The 
obtained CQDs-N:Eu3+@MOF-Ln3+ composites not only have high thermal stability (up to 510 ◦C), but also can 
emit multi-color tunable emissions. Importantly, the white light emission from CQDs-N:Eu3+@MOF-Ln3+ single 
phosphor with excellent color quality, favorable visual performance, and adjustable color temperature can be 
obtained by optimizing CQDs-N:Eu3+@MOF-Ln3+. Not only the WLED devices were constructed with CQDs-N: 
Eu3+ and MOF-Ln3+, but also the single CQDs-N:Eu3+@MOF-Ln3+ phosphor-based warm WLED devices were 
realized, and achieves superior color quality (a CRI of 95) and ideal correlated color temperature (a CCT of 4035 
K).   

1. Introduction 

Solid-state white light-emitting diodes (WLEDs) are currently the 
most prospective lighting technology to take the place of incandescent 
lamps and fluorescent lamps because of their long life, high luminous 
efficiency, and energy-saving advantages [1–8]. The current WLEDs are 
usually manufactured by depositing yellow light-emitting phosphors on 
blue light-emitting diode chips, but they have a lower color rendering 
index (CRI) and higher correlated color temperature (CCT) [9,10]. 
Therefore, further development of new luminescent materials has 
become the key to overcoming these shortcomings. 

Lanthanide doped luminescent materials have been arousing wide
spread research interest due to their unique optical properties including 
rich f-orbital configuration, characteristic spectrum, high photochem
ical stability, and long luminescence lifetimes [11–16]. The potential 
applications in various fields thus incurred, such as biosensors, cell 
imaging, drug delivery, and lighting. Among the lanthanide-doped 
luminescent materials, lanthanide metal–organic frameworks (MOFs- 
Ln) have become a potential sensor material in chemical sensing because 

of their high luminescence quantum yield, high selectivity, and char
acteristic sharp line emission [17–19]. In particular, MOFs-Ln has 
attracted great attention in the development of luminescent materials 
[20–22]. However, the photoluminescence efficiency and stability of 
MOF-Ln are greatly inhibited because of the non-radiative energy 
transfer from Ln3+ to water in MOF-Ln, which results in single-phase 
bimetallic MOF-Ln phosphors emitting white light with a lower lumi
nous efficacy of radiation (LER) [23]. Therefore, the development of 
new functional materials is required to obtain higher photo
luminescence efficiency and thermal performance. To date, the host–
guest approach becomes a novel way to develop advanced 
multifunctional composite materials [24–26]. A natural habitat is pro
vided by the sustainable pores within MOFs for the guest molecules 
[27–29]. 

Fluorescent carbon quantum dots (CQDs) have attracted significant 
attention as a new type of fluorescent nanomaterials in the past ten 
years. Compared with other nanoparticles, CQDs have many advan
tages, including their ultra-fine size, simple synthesis route, high ther
mal and optical stability, low cost, and environmental friendliness 
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[30–34]. Despite the superior optical performance of CQDs, some 
shortcomings need to be overcome for practical applications. Among 
them, the fluorescence yield of materials prepared by various prepara
tion methods is still low, and it is challenging to adjust and intervene in a 
targeted manner. Therefore, it is very significant to further improve the 
optical performance of CQDs. At present, tremendous efforts have been 
devoted to improving the fluorescence performance of CQDs by opti
mizing experimental conditions or doping with other elements [35–40]. 

Metal single atom materials have attracted extensive attention in the 
scientific research field because of their advantages such as full utili
zation of atoms, adjustable surface characteristics, special electronic 
structure, and low cost [41–44]. As far as we know, only six works have 
been reported on the rare earth single atom materials, including one 
electrochemical catalysis study and five photocatalysis studies (Sup
plementary Table 1). However, luminescent materials based on 
lanthanide single atom have never been reported to date. Reducing 
lanthanide-doped nanomaterials to a single-atom scale, the unique 
structural characteristics of lanthanide single atom might give them 
different or unexpected properties from the nanoscale homologs, which 

provides a new opportunity for efficient luminescent materials. 
In this study, a novel lanthanide single atom doped composite 

luminescence materials (CQDs-N:Eu3+@MOF-Gd:Eu3+/Tb3+) with 
multi-color tunable emission as well as high thermal and light stability 
are reported. The CQDs-N:Eu3+ with enhanced luminescence is intro
duced as a blue fluorescent guest into the MOF-Ln (Ln = Gd, Eu and Tb) 
host with dual emission centers by a simple one-pot hydrothermal 
method, forming a novel composite material emitting white light. The 
density functional theory (DFT) was used to optimize the structures of 
the CQDs-N:Eu3+ and MOF-Ln (Ln = Gd, Eu and Tb), and calculate the 
work function, optical properties, and charge density difference. We can 
not only construct WLEDs with CQDs-N:Eu3+ and MOF-Gd:Eu3+/Tb3+

different materials, but also directly construct WLEDs with the CQDs-N: 
Eu3+@MOF-Gd:Eu3+/Tb3+ single composite material. Interestingly, the 
UV-pumped single CQDs-N:Eu3+@MOF-Gd:Eu3+/Tb3+ phosphor-based 
warm WLED devices with a high CRI of 95 and an ideal CCT of 4035 
K were obtained. Our theoretical calculations and experimental results 
show that the CQDs-N:Eu3+@MOF-Gd:Eu3+/Tb3+ obtained in this work 
has broad application prospects in WLEDs. 

Fig. 1. Optimized geometric structures of C (a), CN (b), CNE (c). Optimized geometric structures and simulated XRD patterns (Cu-Kα1radiation) of MOF-Eu (d), 
MOF-Gd (e), and MOF-Tb (f). 
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2. Results and discussion 

2.1. Design scheme of overall work 

As mentioned above, our goal is to design an efficient fluorescent 
composite, which has the advantages of CQDs and MOFs-Ln (MOF-76) 
materials. To obtain a white light single-phase phosphor with high CRI 
and ideal CCT, the above composites were further doped with different 
ions at an atomic scale. Specifically, we designed a simple and low-cost 
hydrothermal synthesis strategy (Supplementary Scheme 1) to obtain 
the CQDs-N:Ln3+@MOF-Ln composites with excellent optical proper
ties. The specific synthesis method is shown in the experimental section. 
As we expected, the high CRI and ideal CCT were achieved from the 
single-phase phosphor CQDs-N:Ln3+@MOF-Ln by adjusting the content 
of CQDs-N:Eu3+. 

2.2. Theory calculation and discussion 

The results of DFT calculations indicated that the unique structures 
are responsible for the unique optical properties. Fig. 1(a, b, c) and 
Supplementary Fig. 1 show the optimized geometric structures of C60 
(C), C60N4 (CN), and C54N4Eu4 (CNE). It is worth noting that Eu3+

replaced the position of C before optimization. However, after optimi
zation, Eu3+ left the original position, resulting in a defect in the (001) 
surface of C quantum dots. The results indicated that N can easily 
replace the position of C to form a stable structure, but Eu3+ is difficult to 
replace C because the radius of Eu3+ is much larger than that of C. Thus, 
C can not be replaced by Eu3+, but are more favorable for anchoring as 
Eu3+ single atoms, which is consistent with previous results [45]. 

Fig. 1(d, e, f) shows the optimized geometric structures and simu
lated XRD patterns of MOF-Eu, MOF-Gd, and MOF-Tb. The lattice pa
rameters of MOF-Eu are a = 10.61 Å, b = 10.61 Å, and c = 15.01 Å. The 

lattice parameters of MOF-Gd are a = 10.47 Å, b = 10.47 Å, and c =
15.01 Å. The lattice parameters of MOF-Tb are a = 10.42 Å, b = 10.42 Å, 
and c = 14.96 Å. The variation of lattice parameters is due to the 
different radii of different rare-earth ions. The shape of the simulated 
XRD patterns changes only slightly. 

Fig. 2 shows the theoretical simulation of optical properties for C, 
CN, CNE, MOF-Eu, MOF-Tb, and MOF-Gd. The results indicated that the 
optical properties of C, CN, CNE, MOF-Eu, MOF-Tb, and MOF-Gd are 
different. In particular, the dielectric function is related to the electronic 
transition and electronic structure in the crystal and can reflect the band 
structure and optical properties of the materials. The real part of the 
dielectric function is a measure for the refractive index of a solid, while 
the imaginary part contains information about the absorption coeffi
cient. These spectral results show that a variety of composite functional 
materials with different properties can be obtained by adjusting the ratio 
of CQDs-N:Eu3+ to MOF-Ln, which can be used in various optoelectronic 
devices including WLEDs. 

Fig. 3a-f shows the calculated Fermi levels, vacuum levels, and work 
functions of C (001), CN (001), CNE (001), MOF-Eu, MOF-Gd, and 
MOF-Tb. The abscissa is the fractional coordinates that indicate the 
position of the crystal lattice input when performing first-principles 
calculations. The Fermi level increases after N doping. Especially, the 
Fermi level of CNE is the highest. The increase of the Fermi level in
dicates the increase of electron concentration. Besides, the values of 
work functions were 6.098, 4.539, and 3.470 eV for C, CN, and CNE, 
respectively. The values of work functions were 6.764, 6.363, and 6.023 
eV for MOF-Eu, MOF-Gd, and MOF-Tb, respectively. 

Fig. 3g-k shows the charge density difference of C, CN, CNE, MOF-Eu, 
and MOF-Tb. Here, the blue area shows an increase in electron density, 
whereas the yellow area shows a decrease. All the above theoretical 
results show that Eu3+ doping and the combination of CQDs-N:Eu3+ and 
MOF-Ln are beneficial to the electron transport and the energy transfer 

Fig. 2. Theoretical simulation of optical properties. The absorption coefficient (a), reflectivity (b), refractive index (c, d), dielectric function (e, f), optical con
ductivity (g, h), and loss function (i) of C, CN, CNE, MOF-Eu, MOF-Tb, and MOF-Gd. 

H. Yu et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 430 (2022) 132782

4

between CQDs-N:Eu3+ and MOF-Ln. This point will be discussed in 
detail in the spectral discussion section later. 

2.3. Structural characterizations 

As predicted by our theoretical calculation above, a series of lumi
nescent materials modified by rare earth single atoms were synthesized. 
The synthesis conditions and sample names are shown in Supplementary 
Tables 2–5. The scanning electron microscope (SEM), transmission 
electron microscopy (TEM), and aberration-corrected HAADF-STEM 
(AC HAADF-STEM) analysis were used to study the morphological 
characteristics of the samples. The TEM images (Fig. 4a and Supple
mentary Fig. 2a) of CQDs-N:Eu3+ reveal the formation of quasi-spherical 
doped CQDs-N with an average size of 3 nm. Meanwhile, it can be seen 
from the HRTEM image (Fig. 4b) that the interplanar spacing of the 
doped CQDs-N is 0.21 nm, which belongs to the (100) plane of graphitic 
carbon and has high crystallinity. As shown in Supplementary Fig. 2b, c, 
the SEM images of MOF-Gd:Eu3+/Tb3+ show that it is a large-sized 
micron rod structure. The STEM image (Fig. 4c) of CNE-5@MOFG 
shows that the CQDs-N:Eu3+ is contained in the MOF-Gd:Eu3+/Tb3+

and the excess CQDs-N:Eu3+ is uniformly attached to the MOF-Gd:Eu3+/ 
Tb3+ surface. In addition, the SEM images of CNE-5@MOFG and CNE- 
10@MOFG are shown in Supplementary Fig. 2d-f and it can be 

observed that clusters of CQDs-N:Eu3+ wrapped on MOF-Gd:Eu3+/Tb3+

microrods and the size gradually decreases as the amounts of CQDs-N: 
Eu3+ increases. Surprisingly, the products have a uniform stick shape 
structure but the size is approximately reduced from about 17 μm of 
pure MOFs to about 2.5 μm, which may be due to the incorporation of 
CQDs-N:Eu3+ that restricted the growth of MOF. 

To determine the form of the rare-earth ions (Eu3+, Gd3+ and Tb3+) 
in samples, aberration-corrected HAADF-STEM observation was con
ducted, which shows that the single rare-earth atoms are anchored by C 
atoms (Fig. 4d-g). In addition, the elemental mapping images of CNE- 
5@MOFG (Fig. 4h-n) prove that all elements are evenly dispersed in 
the sample. Although the selected area characterized by the aberration- 
corrected HAADF-STEM is the location of the CQDs-N:Eu3+ in CNE- 
5@MOFG, the elemental mapping images revealed that the CQDs-N: 
Eu3+ also contains Gd3+ and Tb3+ elements, indicating that Gd3+ and 
Tb3+ ions can be also anchored on the surface of CQDs-N:Eu3+ during 
the in-situ synthesis process. Our previous results also showed that the C 
and N atoms can anchor rare-earth single atom very well [46]. At pre
sent, the coordination of a single atom is characterized by synchrotron 
radiation technology, but the synchrotron radiation test cannot be per
formed due to the low concentration of rare-earth atoms in our samples. 

The X-ray diffraction (XRD) patterns of MOF-Gd:Eu3+, MOF-Gd: 
Eu3+/Tb3+, CNE-5@MOFG, and CQDs-N:Eu3+ are shown in 

Fig. 3. Calculated Fermi levels, vacuum level, work functions, and charge density difference. Calculated Fermi levels, vacuum levels, and work functions of (a) C, (b) 
CN, (c) CNE, (d) MOF-Eu, (e) MOF-Gd, and (f) MOF-Tb. Electron density difference of (g) C, (h) CN, (i) CNE, (j) MOF-Eu, and (k) MOF-Tb. 
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Supplementary Fig. 3a. The XRD patterns of MOF-Gd:Eu3+ and MOF-Gd: 
Eu3+/Tb3+ were identical with those of the calculated results in Fig. 1d- 
f, suggesting that the obtained MOF are isostructural with the reported 
MOF-76 [47]. The XRD pattern of CQDs-N:Eu3+ shows a broad (Bragg) 
reflection (002) centered at around 25̊ in accordance with the ultrab
road (Bragg) reflection (002) of the graphene structure of the CQDs-N: 
Eu3+. The broad (Bragg) reflection confirms the graphene structure of 
the CQDs-N:Eu3+. The XRD pattern of CNE-5@MOFG agrees well with 
that of the MOF-Gd:Eu3+, and the similar (Bragg) reflections of the MOF- 
Gd:Eu3+ and the CQDs-N:Eu3+ fully confirmed that the doping of the 
CQDs-N:Eu3+ does not impact the crystal integrity of MOF-Gd:Eu3+/ 
Tb3+. In addition, the XRD patterns of CNE-x@MOFG (x = 5, 7, 10, and 

12) are shown in Supplementary Fig. 3b and it can be observed that the 
characteristic (Bragg) reflections of MOF-Gd:Eu3+/Tb3+ become weaker 
with the increase of the amount of CQDs-N:Eu3+, which indicates the 
successful synthesis of the composites. 

To further explore the surface structure of CQDs-N:Eu3+@MOF-Gd: 
Eu3+/Tb3+, we carried out a series of characterizations. Supplementary 
Fig. 4 shows the Raman spectra of MOF-Gd:Eu3+/Tb3+ and the peaks at 
1000 and 1500 cm−1 are ascribed to the ring respiratory vibration and 
the vibration of C–H, respectively. The Fourier-transform infrared 
(FTIR) spectra of CQDs-N:Eu3+, CNE-10@MOFG, CNE-5@MOFG, MOF- 
Gd:Eu3+/Tb3+, and MOF-Gd:Eu3+ are shown in Supplementary Fig. 5 
and their characteristic bands are almost the same. See the 

Fig. 4. Morphological characterization of samples. TEM (a) and HR-TEM images (b) of CQDs-N:Eu3+. STEM (c, g) images of CNE-5@MOFG. (h, i, j, k, l, m, n) The 
element mapping images of C, N, O, Gd, Eu, and Tb in CNE-5@MOFG. 

Fig. 5. Optical performance of MOF-Ln. (a, b, c) Excitation (monitored at 550 and 620 nm) and emission (excited at 297 nm) spectra of MOF-Gd:5%Eu3+/x%Tb3+. 
(d, e, f) Excitation (monitored at 550 and 620 nm) and emission (excited at 297 nm) spectra of MOF-Gd:25%Tb3+/x%Eu3+. (g, h) The excitation bands in the range of 
200–330 nm monitored at 550 and 620 nm of MOF-Gd:5%Eu3+/25%Tb3+ can be fitted with five curves. 
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supplementary information for a detailed discussion. 
The UV–vis absorption spectra of MOF-Gd:Eu3+/Tb3+, CQDs-N:Eu3+, 

and CNE-5@MOFG were analyzed in Supplementary Fig. 6. The ab
sorption peaks of CQDs-N:Eu3+ at 350 nm and 240 nm is attributed to 
the n → π* transitions of C = O and N electronic transitions and π → π* 
transitions of the C = C. In addition, CQDs-N:Eu3+ has strong visible- 
light absorption in the range of 420–700 nm. It is worth noting that 
when compared with pure MOF, the absorption of the composites in the 
visible-light region is significantly enhanced and the absorbance is 
increased, which further proves the successful synthesis of CQDs-N: 
Eu3+@MOF-Gd:Eu3+/Tb3+ samples. 

The Brunauer-Emmett-Teller (BET) surface area of the CNE- 
5@MOFG is acquired from N2 adsorption–desorption isotherms (Sup
plementary Fig. 7). Compared with the pure MOF reported, the BET 
surface area of the composite is reduced [15], which proves that CQDs- 
N:Eu3+ can fill the gap or load onto the surface of MOF-Gd:Eu3+/Tb3+. 
The energy-dispersive X-ray spectroscopy (EDX) analysis on the MOF- 
Gd:Eu3+/Tb3+ and CNE-5@MOFG composites (Supplementary Fig. 8) 
indicates that both MOF-Gd:Eu3+/Tb3+ and CNE-5@MOFG consist of C, 
N, O, Gd, Eu, and Tb. The contents of N and Eu in CNE-5@MOFG are 
higher than those in MOF-Gd:Eu3+/Tb3+, which proves the successful 
synthesis of the CQDs-N:Eu3+@MOF-Gd:Eu3+/Tb3+ structures. For 
more accurate element composition and surface group analyses, the X- 
ray photoelectron spectroscopy (XPS) spectra of CQDs-N:Eu3+ and CNE- 
5@MOFG were recorded. See the supplementary information for 
detailed discussions (Supplementary Figs. 9-11). 

Thermogravimetric analysis (TGA) for CNE-5@MOFG and MOF-Gd: 
Eu3+/Tb3+ was performed in a flow of N2. As shown in Supplementary 
Fig. 12, the first stage of thermal weight loss of the CNE-5@MOFG 
composite occurred below 100 ◦C and plateaued around 150 ◦C with 
about 15% weight loss, which is due to the evaporation of the residual 
solvent. The weight loss of the second stage (from 150 to 510 ◦C) can be 
attributed to the initial pyrolysis of ligands in MOF-Gd:Eu3+/Tb3+ and 
the decomposition of amide groups in CQDs-N:Eu3+. The weight loss 
(about 10%) is lower than that of pure MOF crystal (about 12%), which 
is due to the presence of CQDs-N:Eu3+ in the composite materials. 
During 510–650 ◦C, the weight loss (from 27 to 47%) represents the 
collapse of the framework. Consequently, only about 20% weight loss 
after 510 ◦C indicates the good thermal stability of CQDs-N:Eu3+@MOF- 

Gd:Eu3+/Tb3+ and MOF-Gd:Eu3+/Tb3+. 

2.4. Optical properties 

MOF-Gd doped with different Eu3+ and Tb3+ concentrations (MOF- 
Gd:Eu3+/Tb3+) exhibits down-conversion luminescence characteristics 
with dual emission centers under the UV light, which is due to the f-f 
electronic transitions of the Eu3+ and Tb3+ in the MOF-Gd matrix. The 
influent of different Eu3+ concentrations on the fluorescence properties 
of MOF-Gd:Eu3+ was studied. The excitation spectra (Supplementary 
Fig. 13a) of MOF-Gd:x%Eu3+ consist of broadband and several sharp 
excitation peaks. The role of the antenna effect of the organic ligand in 
MOF-Gd:Eu3+ and charge transfer band (CTB) Eu3+→ O2− lead to the 
generation of the broad excitation band at 230–330 nm, which leads to 
the energy transfer to the excitation level of Eu3+. In addition, several 
sharp excitation peaks are ascribed to the characteristic transitions of 
Eu3+. Supplementary Fig. 13b shows the stokes emission spectra of 
MOF-Gd:Eu3+ with different Eu3+ ions concentrations excited at 297 
nm. The emission peaks correspond to the transitions of 5D0→7F1 (594 
nm), 5D0→7F2 (620 nm), 5D0→7F3 (656 nm), and 5D0→7F4 (705 nm). 
The intensity of the stokes luminescence increases with the increase of 
the concentrations of the Eu3+ ions and starts to decrease when the 
concentration reaches 5%, which is mainly due to the concentration 
quenching. The corresponding values of Ω2 are shown in Supplementary 
Table 6. In general, the intensity of the 5D0→7F2 emission peak is 
directly affected by the value of Ω2, which is not only related to the local 
symmetry around Eu3+ ions, but also affected by the covalency or low- 
energetic covalent state or the low energy even state even parity states. 
Here, the values of Ω2 of MOF-Gd:Eu3+ increase with increasing Eu3+

concentration. 
Fig. 5(a,b) shows the excitation spectra of MOF-Gd:5%Eu3+/x%Tb3+

(x = 0 to 30) monitored at 550 and 620 nm emission. The broadband at 
230–330 nm is caused by MOF-Gd matrix absorption and the several 
sharp excitation peaks are from Eu3+/Tb3+ characteristic transitions. 
Fig. 5c shows the emission spectra of MOF-Gd:5%Eu3+/x%Tb3+ (x =

0 to 30) excited at 297 nm, which shows the 5D4→7F6 (491 nm) and 
5D4→7F5 (550 nm) transitions of Tb3+ and the 5D0→7F1 (594 nm), 
5D0→7F2 (620 nm), 5D0→7F3 (656 nm) and 5D0→7F4 (705 nm) transi
tions of Eu3+. Additionally, as Tb3+ concentration (x) increases, the 
emission intensity of Tb3+ and Eu3+ increases systematically, which 
indicates that the energy is transferred from MOF-Gd matrix to Tb3+ and 
Eu3+ ions. Besides, when Tb3+ concentration is low, the energy is mainly 
transferred from Eu3+ to Tb3+, and when Tb3+ concentration increases, 
the energy is mainly transferred to Eu3+. The J-O parameters of different 
samples from emission spectra were calculated (Supplementary 
Table 7). The values of Ω2 of MOF-Gd:5%Eu3+/x%Tb3+ increase with 
increasing Tb3+ concentration. The emission peaks of Tb3+ and Eu3+

overlap to some extent, which leads to some errors in the calculated J-O 
parameters. The emission intensity of Tb3+ and Eu3+ starts to decrease at 
the same time when the concentration of Tb3+ reaches 25%, which is 
mainly due to the concentration quenching. 

Similarly, Fig. 5(d,e) shows the spectra of MOF-Gd:5%Tb3+/x%Eu3+

(x = 0 to 10) monitored at 550 and 620-nm emission. Fig. 5f is the 
emission spectra of MOF-Gd:25%Tb3+/x%Eu3+ (x = 0 to 10). It can be 
observed from the graph that the emission peak intensity of Tb3+

gradually decreases with increasing Eu3+ concentration, which further 
indicates that energy is mainly transferred from Tb3+ to Eu3+. Signifi
cantly, the characteristic transitions of Tb3+ are found in the excitation 
spectra of MOF-Gd:25%Tb3+/x%Eu3+ obtained by monitoring at the 
620-nm emission, which further proves that energy is transferred from 
Tb3+ to Eu3+. The values of Ω2 of MOF-Gd:25%Tb3+/x%Eu3+ decrease 
with increasing Eu3+ concentration (Supplementary Table 8). In addi
tion, the excitation bands of MOF-Gd:25%Tb3+/5%Eu3+ by monitoring 
the 550-nm (Fig. 5g) and 620-nm (Fig. 5h) emission in the range of 
230–330 nm were fitted with five curves respectively. These peaks are 
ascribed to the multiple absorption bands of MOF-Gd ligands and the 

Fig. 6. Optical performance and multicolor emission of MOF-Ln and CQDs-N: 
Eu3+. (a,b) Emission spectra and corresponding CIE chromaticity coordinates of 
MOF-Gd:Ln3+ excited at 297 nm. (c) Emission spectra of the CQDs-N:x%Eu3+

excited at 380 nm. (d) The photographs are the corresponding liquid products 
under UV light irradiation. 

H. Yu et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 430 (2022) 132782

7

Fig. 7. Luminescence stability of samples. The time-dependent emission spectra under UV light and their corresponding integrated emission intensity as a function of 
time: (a) CQDs-N:5%Eu3+, (b) MOF-Gd:5%Eu3+/25%Tb3+, and (c) CNE-5@MOFG. 

Fig. 8. Optical performance of CQDs-N: 
Eu3+@MOF-Gd:Eu3+/Tb3+. (a, b) Emission 
spectra and the corresponding CIE chroma
ticity coordinates of (1) CNE-5@MOFG, (2) 
CNE-7@MOFG, (3) CNE-10@MOFG, and 
(4) CNE-12@MOFG excited at 310 nm. (c) 
The luminescence decay curves of MOF-Gd: 
Eu3+/Tb3+ and CNE-5@MOFG monitored 
at 620 nm. (d) The temperature-dependent 
emission spectra of CNE-10@MOFG 
excited at 310 nm. (e) The integrated in
tensities of the emission peak of CQDs, 
5D4→7F5 (Tb3+) and 5D0→7F2 (Eu3+) tran
sitions in CNE-10@MOFG as a function of 
temperature. (f) The corresponding fluo
rescence images of CNE-10@MOFG at 273 
and 373 K.   

Fig. 9. Calculated the performance of WLEDs constructed with CQDs-N:Eu3+ and MOF-Gd:Eu3+/Tb3+. (a) The schematic diagram of WLEDs device structure 
constructed with CQDs-N:Eu3+ and MOF-Gd:Eu3+/Tb3+ different materials. (b) The optimized emission spectra of CQDs-N:Eu3+ and MOF-Gd:Eu3+/Tb3+. (c, d, e) 
CCT, LER, and CAF change with the emission ratio of CQDs-N:Eu3+ to MOF-Gd:Eu3+/Tb3+. (f, g) LER and CAF change with the change of CCT. (h) LER changes with 
the change of CAF. 
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CTB Ln3+→ O2−, which can effectively transfer energy to both Eu3+ and 
Tb3+. 

By adjusting the Eu3+/Tb3+ molar ratios, four samples with different 
emission colors were obtained and the emission spectra are shown in 
Fig. 6a: (1) 5%Tb3+, (2) 5%Eu3+/25%Tb3+, (3) 5%Eu3+/5%Tb3+, (4) 
5%Eu3+. It can be observed from the graph that the samples show 
characteristic peaks of Tb3+ at 491, 550, 594, and 620 nm, which are 
attributed to the 5D4→7FJ (J = 6, 5, 4, and 3) transitions of Tb3+ ions, 
respectively. Similarly, the spectral peaks between 580 and 720 nm are 
assigned to the transitions of 5D0→7FJ (J = 1, 2, 3, and 4) of Eu3+ ions. 
The corresponding values of Ω2 are shown in Supplementary Table 9. 
The corresponding CIE chromaticity coordinates of MOF-Gd:Eu3+/Tb3+

are (0.313, 0.598), (0.439, 0.496), (0.514, 0.441) and (0.584, 0.323) for 
MOF-Gd:5%Tb3+, MOF-Gd:25%Tb3+/5%Eu3+, MOF-Gd:5%Tb3+/5% 
Eu3+, and MOF-Gd:5%Eu3+, respectively (Fig. 6b). 

Next, we passivated the surface defects of CQDs by N, which greatly 
enhanced the luminous intensity of the CQDs (Fig. 6c and Supplemen
tary Fig. 14). Then, the influence of the Eu3+ concentration on the 
fluorescence properties of CQDs-N:Eu3+ was studied. The corresponding 
emission spectra of the CQDs-N doped with different Eu3+ concentra
tions are shown in Fig. 6c. The characteristic broad emission peaks at 
450 nm of CQDs were obtained upon 380-nm excitation. The emission 
intensity of the doped CQDs-N as a function of Eu3+ concentrations is 
shown in Supplementary Fig. 15a, which indicates the emission of the 
doped CQDs-N increased gradually with increasing Eu3+ concentrations 
from 0 to 5 % and then decreased at higher Eu3+ concentrations. The 
corresponding CIE chromaticity coordinates of CQDs-N:5%Eu3+ were 
calculated to be (0.151, 0.085) (Supplementary Fig. 15b). Fig. 6d is the 
photograph of the four liquid samples dispersed under UV light irradi
ation. It can be seen from the photograph that we obtained the green, 
yellow, orange, red, and blue emissions independently. 

To study the fluorescence stability of samples under UV irradiation, 
the time-dependent spectra of CQDs-N:5%Eu3+, MOF-Gd:5%Eu3+/25% 
Tb3+, and CNE-5@MOFG under UV light irradiation were recorded 
(Fig. 7). It can be seen from the graphs that decay rates of emission in
tensity are very slow, which proves that the CQDs-N:5%Eu3+, MOF- 
Gd:5%Eu3+/25%Tb3+, and CNE-5@MOFG have high stability under UV 
light irradiation. 

To obtain the white light emission, we combined CQDs-N:Eu3+ with 
blue light emission and MOF-Gd:Eu3+/Tb3+ with yellow light emission 
to obtain CNE-x@MOFG (x = 5, 7, 10, and 12) composites. 

Supplementary Fig. 16 shows the excitation and emission spectra of 
CNE-5@MOFG. The spectrum obtained by monitoring CNE-5@MOFG at 
454 nm is composed of strong broadband at about 380 nm (Supple
mentary Fig. 16a). In addition, the excitation spectra of the emissions 
from Tb3+ and Eu3+ are shown in Supplementary Fig. 16(b,c), respec
tively. By monitoring the emission peaks of Tb3+ at 549 nm and Eu3+ at 
621 nm, it can be observed that there are broad and strong excitation 
bands at 295 nm in the excitation spectra, which are mainly attributed to 
the absorption of MOF-Gd matrix and the CTB Ln3+→ O2−, and then the 
energy transferred to the excited energy levels of Tb3+ and Eu3+, 
resulting in the strong emissions of Tb3+ and Eu3+ ions. In addition, it is 
observed that the broadbands of CQDs appeared at approximately 380 
nm, indicating that CQDs transfer energy to Tb3+ and Eu3+. The emis
sion spectrum excited at 310 nm is also shown in Supplementary 
Fig. 16d. Excitation into the CQDs band at 310 nm yields sharp and 
strong emissions at 492 nm and 549 nm, which are ascribed to the 
5D4→7F6 and 5D4→7F6 transitions of Tb3+ ions, respectively. As well as 
the sharp emissions between 580 nm and 720 nm are ascribed to the 
5D0→7FJ (J = 1, 2, 3, and 4) transitions of Eu3+ ions. It is worth noting 
that the overlap between excitation and emission spectra of CNE- 
5@MOFG is quite small, which is conducive to increase the intensity 
of emission peaks. 

Fig. 8a shows the emission spectra of CNE-x@MOFG (x = 5, 7, 10 and 
12) excited at 310 nm. The corresponding values of Ω2 are shown in 
Supplementary Table 10. As the amount of CQDs-N:Eu3+ increases, the 
emission intensity of CQDs gradually increases and the correlated color 
temperature (CCT) gradually increases. This reveals that the CQDs-N: 
Eu3+@MOF-Gd:Eu3+/Tb3+ samples can show the white light emissions 
with adjustable CCT under a single wavelength excitation. The corre
sponding CIE chromaticity coordinates of the CNE-x@MOFG (x = 5, 7, 
10 and 12) samples were calculated to be (0.380, 0.389), (0.367, 0.368), 
(0.334, 0.343) and (0.334, 0.317), respectively (Fig. 8b). We also 
recorded the emission spectra of CNE-5@MOFG MOFG:xTb3+ with 
different Tb3+ concentrations (Supplementary Fig. 17). It can be seen 
from the graph that the emission intensity of Eu3+ and Tb3+ increases 
systematically with the increase of Tb3+ concentration, which is 
consistent with the emission law of MOF-Gd:Eu3+/Tb3+. 

To further study the possible luminescence mechanism of CQDs-N: 
Eu3+@MOF-Gd:Eu3+/Tb3+, we measured the luminescence decay 
curves of the 5D0→7F2 transitions in MOF-Gd:Eu3+/Tb3+ and CQDs-N: 
Eu3+@MOF-Gd:Eu3+/Tb3+ excited at 310 nm, respectively (Fig. 8c). It 
can be seen from the figure that the fluorescence lifetimes of the CQDs- 
N:Eu3+@MOF-Gd:Eu3+/Tb3+ are much shorter than that of MOF-Gd: 
Eu3+/Tb3+, which can be ascribed to the effective energy transfer from 
MOF-Gd:Eu3+/Tb3+ to CQDs-N:Eu3+. 

To study the thermal stability of samples, the temperature-dependent 
emission spectra of CNE-10@MOFG were recorded, as shown in Fig. 8d. 
Generally, the fluorescence intensity has a certain temperature depen
dence. The integrated intensities of the emission peak of CQDs, 5D4→7F5 
(Tb3+) and 5D0→7F2 (Eu3+) transitions show a slight decrease with 
increasing temperature, which can be attributed to the thermal 
quenching effect and non-radiative trapping (Fig. 8e). Notably, the in
tegrated emission intensity has a thermal quenching effect of less than 
20 % with the temperature increase from 283 to 373 K, demonstrating 
the higher thermal stability and the smaller non-radiative recombina
tion centers. The corresponding values of Ω2 are shown in Supplemen
tary Table 11, which indicating that the influence of temperature is 
relatively small. Fig. 8f shows the fluorescence images of CNE- 
10@MOFG at 273 K and 373 K, it can be seen from the images that 
the brightness of the sample hardly changes, indicating that the sample 
has high thermal stability. 

2.5. Applications in white LEDs. 

We can not only construct WLEDs with CQDs-N:Eu3+ and MOF-Gd: 
Eu3+/Tb3+ materials, but also directly construct WLEDs with CQDs-N: 

Fig. 10. The WLEDs devices constructed with CQDs-N:Eu3+@MOF-Gd:Eu3+/ 
Tb3+ single composite material. (a, b) Emission spectra and CIE chromaticity 
coordinates of phosphor-based WLEDs with different CCT (the inset is a 
photograph of WLED). (c, d) The time-dependent luminescence and the inte
grated emission intensity of LED-B as a function of time. 
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Eu3+@MOF-Gd:Eu3+/Tb3+ single composite material. For the WLEDs 
constructed by CQDs-N:Eu3+ and MOF-Gd:Eu3+/Tb3+ materials, we 
systematically optimized the spectral of the designed composite struc
ture according to the method reported in our previous work [48,49]. The 
WLEDs device structure and optimized spectra are shown in Fig. 9a,b, 
respectively. Supplementary Table 12 and Fig. 9c-h summarized and 
presented the optical properties obtained by extensive calculations and 
optimizations. For the white light with CRI higher than 90, the CCT 
(Fig. 9c) and CAF (Fig. 9d) can be increased by increasing the ratio of 
CQDs-N:Eu3+ to MOF-Gd:Eu3+/Tb3+ emission, while the LER (Fig. 9e) is 
the opposite. Therefore, we can increase the blue emission of CQDs-N: 
Eu3+ to obtain cool white light (the higher CCT), and increase the hybrid 
color of MOF-Gd:Eu3+/Tb3+ to obtain warm white light (the lower CCT). 
The higher the LER, the better the visual performance. As shown in 
Fig. 9f, the relationship between LER and CCT is nearly linear, and LER 
decreases as CCT increases. The influence of white light acquired by 
mixing different kinds of emissions on human health is represented in 
Fig. 9g. The CAF decreases by decreasing the CCT. In addition, a nearly 
linear relationship between CAF and LER was found. As shown in 
Fig. 9h, the trend is the same as the dependence of LER on CCT. 
Therefore, the white light obtained by the combination of CQDs-N:Eu3+

and MOF-Gd:Eu3+/Tb3+ has excellent color quality, good visual per
formance, and ideal CCT value. These findings provide reliable theo
retical support for the application of this material in WLEDs. For the 
WLEDs devices constructed with CQDs-N:Eu3+@MOF-Gd:Eu3+/Tb3+

single composite material. The strong multi-color visible light emission 
of the obtained CQDs-N:Eu3+@MOF-Gd:Eu3+/Tb3+ under single- 
wavelength excitation prompted us to develop their application in 
light-emitting diodes to develop next-generation display technologies. 

As mentioned above, we fabricated WLEDs with adjustable CCT by 
depositing CQDs-N:Eu3+@MOF-Gd:Eu3+/Tb3+ composite materials on 
310-nm near-UV light-emitting diode chips. Fig. 10a shows the mission 
spectra of four LEDs and Fig. 10b is the corresponding color coordinate 
diagram. We manufactured a warm white LED with high CRI by 
adjusting the ratio of CQDs-N:Eu3+ and MOF-Gd:Eu3+/Tb3+ (LED-B in 
Supplementary Table 13). The corresponding CCT is 4035 K, and CRI is 
as high as 95. The illustration in Fig. 10b shows a photograph of the 
operating LED-B. Therefore, the use of LEDs based on CQDs-N: 
Eu3+@MOF-Gd:Eu3+/Tb3+ light-emitting materials have good color 
quality and remarkable visual performance. 

In addition, the LEDs with adjustable color temperature from warm 
white to cool white (LED-A, LED-C, and LED-D in Supplementary 
Table 13) were manufactured, and the corresponding CCT values were 
3283 K, 6041 K, and 7861 K. Among them, the CIE value of LED-C is 
(0.32, 0.33), which is practically identical to the standard white light 
CIE value specified by NTSC (National Television Systems Committee). 
The pure white light CIE chromaticity coordinates specified by NTSC is 
(0.33, 0.33). The color characteristics of these four LEDs were shown in 
Supplementary Table 13. The time-dependent luminescence spectra of 
LED-B were used to study the stability of WLEDs. Fig. 10c shows the 
time-dependent spectra, and Fig. 10d is the corresponding integrated 
emission intensity. It can be observed from the graphs that the decay 
rates of light intensity of the emission peak of CQDs, 5D4→7F5 and 
5D0→7F2 transitions are slower in 72 h, which proves the WLED has high 
stability. The WLEDs based on CQDs-N:Eu3+@MOF-Gd:Eu3+/Tb3+ has 
good visual performance, ideal CCT and CAF, and high LER, which 
further proves their great potential applications in the development of 
lighting and next-generation display technology. 

In addition, we also obtained almost multicolor (green, red, and 
yellow) phosphor LEDs devices with good performance, as shown in 
Supplementary Fig. 18. The CIE chromaticity coordinates of emission 
spectra are (0.338, 0.573), (0.543, 0.309) and (0.418, 0.432), 
respectively. 

3. Conclusion 

In this work, the white light-emitting CQDs-N:Eu3+@MOF-Gd:Eu3+/ 
Tb3+ composite materials based on lanthanide single atom were pre
pared by the simple and low-cost hydrothermal method, which have the 
structural advantages of MOF-Ln host and the light-emitting advantages 
of doped CQDs-N guest and MOF-Ln host. The DFT was used to optimize 
the structures of the CQDs-N:Eu3+ and MOF-Ln (Ln = Gd, Eu, and Tb), 
which show that C atoms are more favorable for anchoring Eu3+ single 
atoms rather than being doped or replaced. In addition, the work 
function, optical properties, and charge differential density were also 
calculated. Significantly, this composite material exhibited the charac
teristic emissions of CQDs (454 nm), Tb3+ (492 and 549 nm), and Eu3+

(594, 621, 656, and 705 nm) under the 310 nm near-ultraviolet (UV) 
light excitation, and obtained white light emission with adjustable color 
temperature by adjusting the ratios of CQDs-N:Eu3+ and MOF-Gd: Eu3+/ 
Tb3+ in the single phosphor. The WLED devices not only can be con
structed by using CQDs-N:Eu3+ and MOF-Gd:Eu3+/Tb3+ materials, but 
also can be constructed by using the CQDs-N:Eu3+@MOF-Gd:Eu3+/Tb3+

single composite material. Moreover, the UV-pumped single CQDs-N: 
Eu3+@MOF-Gd:Eu3+/Tb3+ phosphor-based warm WLED devices with a 
high CRI of 95 and an ideal CCT of 4035 K were obtained. Overall, this 
work opens up a new way to explore low-cost, high-performance 
WLEDs. 
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