Na no
Resea rch ISSN 19980124 CN 11-5974/04
hitps://doiorg10.1007/s12274-021-3886-x
Rare-earth  single atom based luminescent composite

nanomaterials: Tunable full-color single phosphor and applications
in WLEDs

Shan Bao', Haiyue Yu', Guoyang Gao', Hongyang Zhu”, Dingsheng Wang®, Peifen Zhu'* (=2),
and Guofeng Wang' (52)

" Key Laboratory of Functional Inorganic Material Chemistry, Ministry of Education, School of Chemistry and Materials Science, Heilongjiang
University, Harbin 150080, China

* School of Physics and Electronic Engineering, Linyi University, Linyi 276005, China

3 Department of Chemistry, Tsinghua University, Beijing 100084, China

* Department of Physics and Engineering Physics, The University of Tulsa, Tulsa, OK 74104, USA

© Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021
Received: 15 August 2021 / Revised: 13 September 2021 / Accepted: 14 September 2021

ABSTRACT

High-quality single-component white phosphors are instrumental in realizing high-efficiency devices. Rare earth fluorides and
carbon quantum dots have great potential in the white light-emitting diode (WLED) field due to their unique advantages. Here,
Rare-earth single atom based NaGdF, Tbk/Eu*@CMN/Eu* single phosphor with tunable full-color luminescence was reported.
The results of density functional theory (DFT) calculation and experimental characterization show that C atoms cannot be
replaced by Eu*, but C atoms are more favorable for anchoring Eu* single atoms. The DFT was employed fo optimize the
structures of the C:N/Ev* and NaGdF,Tb*/Eu”, and calculate the work function, optical properiies, and charge density
difference. The obtained tunable full-color single phosphor can emit stable light from blue to red or even white. The constructed
WLED devices also have stable and excellent color performance, that is, a color rendering index of up to 95 and a lower color
temperature, and it has broad application possibilities in WLEDs.
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1 Introduction

White light-emitting diodes (WLEDs) have become the most
promising lighting technology and almost dominated the current
lighting field due to their high energy efficiency, long service life,
fast response speed, and high reliability [1-5]. Meanwhile, WLEDs
are also the potential competitors in the manufacture of multi-
the next generation of light sources in our daily lives. Currently,
the most widely used WLEDs are usually made of InGaN blue
chips and YAG:Ce* yellow phosphors. However, the disadvantage
of this type of WLEDs is the lack of red light in the emission
spectrum, which results in high correlated color temperature
(CCT), low color rendering index (CRI), and blue light hazards,
The above shortcomings and hazards limit the practical
application of WLED devices based on blue chips [6, 7]. In recent
years, to reduce the impact of blue light chips and obtain higher-
performance WLEDs, researchers have turned their attention to
tricolor emitting phosphor which is excited by short-wavelength
near-ultraviolet light (NUWV) chips [8-13].

In general, high-quality white light emission can be achieved by
mixing and tuning the relative intensity of the blue (B), green (G).
and red (R) emission [14-17]. The white light achieved by R/G/B
phosphors has a small color difference and high color purity.

Although this approach can achieve coordinated white light, it has
disadvantages such as strong reabsorption, mismatched aging
rates, and uneven thermal quenching. Fortunately, in terms of
solving the above problems, the method of using a single
component to emit white light is more advanced and is now
receiving more and more attention. In order to overcome these
shortcomings, WLEDs could be fabricated by coating white light
single-phase phosphors on NUV-LED chips because it has
advantages including high CRI, high color stability,
reproducibility, and reduced retinal damage [18-20]. Therefore,
the design and development of single-phase solid-state phosphors
are extremely important for achieving high-efficiency WLEDs and
speeding up their applications.

Currently, various materials that can be used for WLEDs have
been explored, incuding nitrides, oxides, metal—organic
frameworks (MOFs), and perovskites [21-24]. Especially, carbon
quantum dots (CQDs) generally have the characteristics of high
luminosity, good stability, low toxicity, low preparation costs, and
easy functionalization [25,26]. It has adjustable emission with a
narrow full- width at half-maximum (FWHM), which avoids the
photobleaching phenomenon and becomes an attractive blue
emission source for LEDs.

Rare earth (RE) luminescent materials have been implemented
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in modern optoelectronic devices due to the unique electronic
structure, abundant energy levels, and characteristic emission of
RE ions. RE luminescent materials have the advantages of wide
emission spectrum range, narrow linewidth emission, adjustable
excitation range, and stable physical and chemical properties.
Taking RE ions as the luminescence center is still the main
strategy for developing WLED phosphors with excellent color
quality and luminescence performance [27,28]. NaGdF,; is a
common ideal host material, which not only can realize the Ln™
dopant to generate down-shift emission, but also has high
photochemical  stability, low phonon energy, and high
transparency in  the  ultraviolet-visible-near  infrared
(UV—vis—_NIR) region [29,30]. In particular, it can also mediate
energy transfer among Ln* ions. Therefore, NaGdF, can be doped
with Ln* (Tb* and Euw*) as green and red light sources, which can
be excited by NUV light to produce emission in the visible light
MNaGdF;Ln* and CQDs is expected to produce unexpectedly
excellent white light emission.

Reducing metals to a single atom scale is an effective strategy to
improve metal utilization efficiency [31-38]. Therefore, single
atom material has attracted great attention as a cutting-edge
material [37]. Among them, RE single atom has caused extensive
research by researchers. The unique structure of RE metals on a
single atomic scale can endow the material with an unexpected
performance, such as good dispersion, great atom utilization,
unique atomic structure, and special electronic properties [38].
Atomically dispersed metal atoms are usually anchored to a
atoms. For example, g-C.N, and MOFs can effectively anchor
single atoms [39-43]. However, these RE single atom materials
with excellent properties are mostly used in catalysis research, and
there are very few applications in the field of fluorescent materials.
For clarity, a comparison of the contents of different references
concerning RE single atom materials is listed in Table 51 in the
Electronic Supplementary Material (ESM).

In this work, a novel RE single atom doped composite
luminescence material (NaGdF,:Th*/Ev*@C:N/Eu*) with full-
color tunable emission as well as high thermal and light stability
was reported. The C:N/Eu* with enhanced luminescence was
composited as a blue fluorescent layer on the surface of the
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NaGdF; Th*/Eu* core with dual emission centers, forming a
novel composite material emitting white light The density
functional theory (DFT) was used to optimize the structures of the
C:N/Eu* and NaGdF:Th*/Eu*, and calculate the work function,
NaGdF, Th*/Ex*@CN/Eu* not only has good stability, high
luminous performance, excellent color quality, and visual effects
but also can simultaneously emit red, green, and blue light, which

solves the issues of WLED multi-component
phosphors. We can not only construct WLEDs with CQDsN/Eu*
and NaGdFgTh*/Eu*, but also directly construct WLED devices
with the NaGdF, Th*/Ev*@C:N/Eu* single composite material
Interestingly, the NUV-pumped single NaGdF, Th*/Eu™@CN/
Ew* phosphor-based high-quality WLED devices with a high CRI
of 95 and an ideal CCT of 4,688 K were obtained. As a tunable full-
color luminescent material, the RE single atom based
NaGdF Tb*/Eu*@CN/Eu* has broad prospects in the
application of WLED devices.

2 Results and discussion

21 Design principles of overall work

Based on the above considerations, we have designed an efficient
fluorescent composite, which has the advantages of both C:N/Eu*
and MNaGdF;In* materials, as shown in Scheme 1. Firstly,
NaGdF;Ln* nanoparticles were synthesized by the solvothermal
method, and then NaGdF;In* was added to the precursor
solution of CN/Eu*. Finally, the CN/Eu™ layer was coated on the
NaGdF;Ln* surface to form NaGdFTb*/Ev*@C:N/Eu*
core-shell composites through further hydrothermal reaction
(Scheme 1(a)). As we predict, the synthesized
NaGdF Th*/Eu*@CN/Eu® can simultaneously emit full-color
light (incduding blue, red, green, and white light), and energy
transfer exists in the composite material (Scheme 1(b)). To verify

application of the obtained composite single-phase
NaGdFTh*/Eu*@CN/Eu® white light-emitting material in
WLEDs, the NUV-LED chips were used to excite the material to
obtain WLED devices, and the performance of the WLEDs was
studied (Scheme 1(c)). The specific synthesis method and
operation steps are shown in the experimental part
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Scheme 1  Schematic diagrams. (a) The synthesis process of NaGdF Th*/Eu™@C:N/Eu™. (b) Enengy transfer process between different Ln™ jons and C layer. (c) The

schematics and photographs of WLED devices.

UNIVEREITY PRESS

{L;.'} TSINGHUA

@ Springer | www.editorialmanager.com/nare/defaultasp



Nano Res.

22 DFT calculation and discussion

e performed DFT caloulations on the relevant materials
involved in this study. Figures 1{a)-1(d) and Fig 51 in the ESM
show the optimized geometric structures of C,, (C), CgEu, (CE),
CalNy (CN), and CsNyEu, (CNE). The results show that N can
easily replace C and form a stable CgN, structure after
optimization. However, the Eu" ion cannot simply replace the
position of C to form a stable CgFu, (or C;N,Eu,) structure. First,
Eu* replaces the position of C before optimization. And then, Eu™
leaves the original position after optimization because the radius of
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Figurel Optimized geometric structures of samples: (a) Cg, (b) CgFu,, (c)
Cap (&) C.NEu, (¢) Na,GAF, (6 NG, EuFy, (g) Na.G, b and (h)

3

Ew* is much larger than that of C, resulting in several defects in
the (001) surface of CgpFuy (or CoyMNyEwg). In addition, when Eu®
is located in the middle of the carbon layer, the energy is the
lowest; therefore, the structure of CgFu,-b in Fig.51(b) in the
ESM is the most stable. Thus, C is more favorable for anchoring
Eu* single atoms rather than doping and replacing C atoms,
which is consistent with our previous results [37].

Figures 1(e)-1(h) show the optimized geometric structures of
Na,Gd.F, (NGF), Na,Gd,FuF, WNa,Gd,TbF, (NGFT), and
Na,GdEuTbF,; (NGFTE). The corresponding cell parameters are
shown in Table 52 in the ESM. The lattice parameters change
slightly with the different kinds of RE ions, which can be
attributed to the different radii of RE ions. The band structure
(BS) and density of states (D0OS) of NayGd3F); are shown in Fig
52 in the ESM, and the bandgap energy of Na,Gd,F,; is 7.022 V.
After doping with Ev* (or Tb*), the bandgap becomes very
narrow, because the rich 4f energy levels of Eu* (or Th*) form
rich impurity energy levels in Na,Gd,F; (Figs. 53 and 54 in the
ESM).

Figure 2 shows the theoretical simulation of optical properties
forC, CE, CN, CNE, Na,Gd;F;, , NGFE, NGFT, NGFTE, and
NGFTE-CNE heterojunction. 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 imaginary part of the dielectric function
describes the actual transition between the occupied state and the
unoccupied state. The results indicate that the optical properties of
C, CE, CN, CNE, NGF, NGFE, NGFT, NGFTE, are different
Therefore, we can obtain fluorescent materials with almost any
desired spectral property by reasonably constructing NGFTE-
CME heterojunctions, which can also be used in various

Na,GdEuTbE,, optoelectronic devices including WLEDs.
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Figures 3(a)-3(j) show the deformation charge densities of C,
CE. CN, CNE. NGF, NGFE, NGFI, NGFIE, NGE-C
heterojunction, and NGFTE-CME heterojunction. Herein, the
blue area shows that the electron density is increasing, and on the
contrary, the yellow area is decreasing. Figure 3(k) shows the
corresponding Fermi levels, vacuum level, and work functions.
The Fermi level changes after N or Eu doping. Herein, the
increase of the Fermi level indicates the increase of electron
concentration. Besides, the values of work functions are 6.102,
3.957, 3.733, and 3.308 eV for the (001) crystal planes of C, CE,
CHM, and CME, respectively. The values of work functions are
4448, 4698, 4796, and 5511 eV for the (001) crystal planes of
NGF, NGFE, NGFT, and NGFTE, respectively. The values of
work functions are 4.485 and 4.359 eV for the (001) crystal planes
of NGF-C, and NGFTE-CNE heterojunction, respectively. The
values of the work functions of C decrease after N (or Eu) doping,
while the values of the work functions of NGF increase after Th
(or Eu) doping. Espedially, the change of work functions between
NGF-C and NGFTE-CNE heterojunction directly affects the
energy transfer between NGFTE and CNE in NGFTE-CNE
heterojunction, so the luminescent performance of the NGFTE-
CNE heterojunction can be further adjusted, which will be
discussed in detail later.

213 Structural and morphological characterizations
Commission Internationale de l'éclairage (CIE) chromaticity
coordinates are listed in Tables 53 to 56 in the ESM.

Figure S5 in the ESM shows the X-ray diffraction (XBED)
patterns  of CQDs3N/5Eu®, NGFTE-25@CNE, and
MNaGdF,:15%Th*/1.5%Eu™. A broad diffraction peak near 24° is
attributed to the reflection of the (002) crystal plane of the graphite
structure, indicating that the CQDs have some carbon materials
with graphite sp* carbon atoms (Fig. 55(a) in the ESM). The XRD
patterns of NaGdF:15%Th*/1.5%Eu* and NGFTE-2.5@CNE in
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Figs. 55(b) and 85(c) in the ESM indicate that all diffraction peaks
of NaGdF;:15%Th*/1.5%Eu™ can be indexed to hexagonal phase -
NaGdF, (JCPDS No. 27-0699). Please note that the carbon layer
almost does not cause the shift of the NaGdF, diffraction peaks.

The transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images of CQDs:3N/5Eu™ (Figs. 4(a)
and 4(b)) show that the CQDs particles have good dispersibility
and are nearly spherical, with a partide size of about 5 nm. The
lattice fringe spacing of the CQDs3N/5Eu* is about 021 nm,
corresponding to the typical graphite phase (100) crystal plane,
confirming the successful synthesis of CQDs3N/SEn™.
Figures 4(c) and 4(d) are the TEM and HRTEM images of the
core—shell structure of NGFTE-25@CMNE, respectively. The
combination of NaGdF;Th*/Eu” and CQDs:N/Eu* requires a
hydrothermal process. During the hydrothermal process,
CQDsN/Eu* self-assembles on the surface of NaGdF,Th*/Eu*,
thus forming a carbon layer (C:N/Eu”). The outer shell layer is
about 6 nm thick, and the obvious shell structure corresponds to
the carbon layer. The lattice fringe spacing of the core is 0.52 nm,
corresponding to the (100) crystal plane of p-NaGdF,. To further
explore the core—shell structure and surface state of the composite
material, high-angle annular dark-field scanning TEM (HAADF-
STEM) ts were also carried out, as shown in Figs. 4(e)
and 4(f). It is worth noting that isolated bright spots are observed
on the surface of the material, which indicates that Eu* is
successfully doped in CQDs and forms a RE single atom structure
in the carbon layer. The HAADE-STEM element mapping images
in Figs. 4(g) and 4(h) show the presence and uniform distribution
of elements in the composite sample. Our previous results also
show that the C and N elements can anchor RE single atoms very
well [37]. At present, the coordination of a single atom is
characterized by synchrotron radiation technology, but the
synchrotron radiation test cannot be performed due to the low
concentration of RE atom in our samples.

The compositions of the CODs:3N/SEw”, NaGdF;:15%Th*/
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Figure4 Morphological characterization of samples TEM

and HRTEM images of ((2) and (b)) CODs3N/SEw* and ((©) and (d))

NaGdF,15% Th*/1. 5%Er@C3N/SEn®. (e) and () STEM images of NaGdF,15%Tb*/1. 5%Eu@C:3N/5Ex. (g) and (h) The elemental mapping images of C, N, O,

F, Na, Fu, Gd, and Thin MaGdF:15%Tb*/1.5%En@CaN/5Ea™,

1.5%Eu*, and NGFTE-25@CNE nanocomposites were
determined by using energy dispersive X-ray (EDX) analysis, as
shown in Fig 56(a)-56(c) in the ESM. The elements in the
NGFTE-25@CNE nanocomposites are Na, F, Gd, Tb, Eu, C, O,
and N, which indicates that C3N/SEu* and
MNaGdF,;:15%Th*/1.5%Eu* co-exist in the NGFITE-Z5@CNE
Nanocomposites.

Figure 57 in the ESM shows the Fourier transform infrared (FT-
IR) spectra of CQDs3N/SEw®, NaGdFy:15%Tb*/1.5%Eun®, and
NGFTE-25@CNE, which are used to identify the surface
functional groups of nanomaterials. In the FT-IR spectrum of
MNaGdF,:15%Th*/1.5%Eu®, the bands at 2,928 and 2,857 cm™ are
stretching vibrations of methylene groups (-CHa) in the oleic acid
molecule [44]. The sharp peak around 3,618 cm' is attributed to
the ~OH stretching vibration of ethanol. The broad band between
3,000 and 3,500 cm! is determined to be the stretching vibration
of H-O-H and N-H. In addition, the peaks at less than 600 cm™
correspond to Gd-F [45]. It is worth noting that CQDs:3N/5Ewr*
and NGFTE-25@CNE show some similar characteristic peaks.
For NGFTE-2.5@CNE, the peak near 1,583 cm™ is atiributed to
the tensile vibration of C=0 and C=C, and the peak centered at
1,379 cm' is mainly designated as C-N and N-H groups [46].
The peak at 850 cm™ is derived from CH;-N. The above several
similar characteristic peaks indicate that there are carboxyl groups
on the surface of CQDs3N/SEu* and NGFTE-2.5@&CNE, and
nitrogen may be successfully doped on the surface of
CQDs:3N/5Eu* to form stable chemical bonds, which also proves
MNaGdF,:15%Th*/1.5%Eu™.

The UV_vis absorption spectra of the samples are shown in
Fig 88 in the ESM. The absorption range of
MNaGdF,:15%Th*/1.5%Eu* is mainly in the UV region. And the
absorption peaks at 273 and 395 nm are caused by doping RE ions
[22]. The co-doping of RE ions greatly enhances the absorption
intensity. The UV—vis absorption spectrum of CQDs3N/5Eu*

shows two absorption peaks at 245 and 360 nm, which can be
attributed to the m»n* transition of C=C bond and the naw
transition of C=0 bond [46]. This can prove that the carboxyl
functional groups exist on the surface of co-doped CQDs. This
result is consistent with the FT-IR. spectra discussed above. When
CQDs3N/5Er® is coated on the surface of
NaGdF;15%Th*/1.5%Eu* to form a carbon layer, the absorption
peak range of the composite sample moves toward the visible light
region. The absorption peak of the composite sample at around
360 nm is similar to that of CQDs:3N/5Eu”, and the absorption
intensity in the visible light region greater than 400 nm is
significantly enhanced. This can also indicate the presence of the
carbon layer on the surface of NaGdF :15%Th*/1.5%Eu™.

The thermogravimetric analysis (TGA) was performed between
room temperature and 800 °C, and the heating rate in the air was
10 °C/min, as shown in Fig. 59 in the ESM. The weight loss of the
sample NGFTE-2.5@CNE between 200 and 800 °C is about 9%,
indicating that the sample has relatively good stability. As we all
know, NaGdF, can be oxidized to oxides under the same test
conditions, and there is usually little weight loss. Thus, the main
cause of weight loss may be due to the decomposition of the
carbon layer as shells at  high temperatwes. N,
adsorption—desorption isotherms were performed to determine
the surface area of the samples, as shown in Fig. 510 in the ESM.
The Brunaver-Emmett-Teller (BET) surface area are 20.8412 and
124624 mfg for NWNaGdF:15%Th*/1.5%Eu* and NGFTE-
2.5@CNE, respectively. The specific surface area of the composite
nanoparticles becomes smaller, in line with expectations. This
means that the carbon layer is coated on the surface of the
NalGdF:15%Th*/1.5%Eu™.

The X-ray photoelectron spectroscopy (XPS) spectra of
CODs3N/5Euw*, NGFIE-25@CNE. and NaGdF:15%Tb*/
1.5%Eu* are shown in Fig.S11(a) in the ESM. The signals
contained in the XPS spectrum of NGFITE-25@CNE can be
attributed to the existence of Na, F, Eu, Gd, Th, C, N, and O. The
above results  indicate that the swface of the
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MNaGdF,:15%Th*/1.5%Eu* is coated with a carbon layer. Figures
511(b) and S11(c) in the ESM show the high-resolution C 1s
spectra of CQDs:3N/SEu* and NGFTE-25@CNE, respectively.
The high-resolution C 1s spectra of CQDs:3N/5Ew* show that the
four peaks are located at 284.6 (C-C/C=C), 286.1 (C-O/C-N),
2886 (C=0), and 290.1 eV (the graphitized structure msm*
transition), respectively. Compared with CQDs:3N/SEw®, the
positions of C 1s peaks of NGFTE-25@CNE shift, indicating that
there is electron transfer between C and N on the surface, which is
consistent with the results of the later spectral analysis.

24 Opfical performance

The photoluminescence (PL) emission intensity of CQDs is often
affected by the surface state because the surface defects will change
the energy level structure to a certain extent, thereby affecting the
transition of electrons between different energy levels. The doping
of atoms affects the surface functionalization and defect state
adjustment, which can further affect the PL intensity of the CQDs.
The results show that the luminescence intensity can effectively be
enhanced by doping N and Eu* in CQDs. As shown in Fig. 5(a),
the emission intensity of CQDsEu* under 361 nm excitation is
significantly stronger than that of pure CQDs, which can be

Nano Res.

attributed that the Ev* doping in the CQDs can adjust the surface
state defects, thereby increasing the luminous intensity of the
CQDs. In addition, the effective doping of N atoms in CQDs will
also be of benefit to improve the property of CQDs and
significantly increase their emission intensity (Fig. 5(b)). And then,
the influence of the Eu* concentration on the fluorescence
property of CQDs3N/xEu* was studied. The corresponding
emission specira of the CQDs:3N/xEv* doped with different Eu*
concentrations are shown in Fig. 5(c). The characteristic broad
emission peaks at 443 nm of CQDs were obtained upon 384 nm
excitation. The emission of the CQDs:3M/xEu* increases gradually
with increasing Eu* concentrations from 0% to 5% and then
decreases at higher Eu* concentrations. The corresponding
excitation spectra Iz = 443 nm) of CQDsaN and
CQDs:3N/xEv* are shown in Fig. 512 in the ESM. And the
excitation peaks of CQDs=N and CQDs:3N/xEu shift slightly.
The result shows that when N/Eu* is co-doped, the luminescence
of CQDs is further enhanced.

In general, the emission color of the Th* and Eu* co-doped
samples can be changed from green to green-yellow, yellow,
orange-red, and red by adjusting the relative doping concentration
of the activator ions under single wavelength excitation. Therefore,
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to find NaGdF, nanocrystals with the best ratio of green and red
emission and suitable for the next WLED application research,
three kinds of doping modes for relevant verification and spectral
analysis were carried out. Compared with the spectra of
NaGdF, Tb* or NaGdFEv* (Figs. 513(a)-S13(d)) in the ESM),
the positions of the emission and excitation peaks of Eu* or Th*
do not change significantly. The Gd* component in RE fluoride
nanocrystals helps to transfer energy from the host lattice to the
luminous center (Th* and Eu*). It can be seen from the excitation
and emission spectra that there is an obvious energy transfer
phenomenon among Gd*, Th*, and Ew*. Due to the presence of
Gd*, the Th* and Eu™ can be excited at 275 nm, and the emission
peaks of Tb* and Eu* are narrow and strong. It is worth noting
that regardless of the Th*/Eu* doping ratio, the emission intensity
of NaGdF,;Th*/Eu* is lower than those of the single-doped
samples, which is also evidence of energy transfer. To prove the
change of the symmetry of the local environment around Eu, the
Judd-Oflet (J-O) parameters (3; of MaGdF;:Eu* with different Eu™
concentrations from emission spectra were calculated (Table 57 in
the ESM). The wvalues of 13, of NaGdFgFu* increase with
increasing Fv* concentration, demonstrating the symmetry of the
local environment around Eu* ions decreases with increasing Eu™
concentration.

In the emission spectra of NaGdF;Tb*, the maximum emission
intensity is obtained when the concentration of Th* is 15%.
Therefore, for the Tb* and Eu* co-doped NaGdF, nanocrystals,
the doping ratio of Th* was first fixed to 15%, and the influence of
Eu* concentration on the luminescence of Th*/Eu® co-doped
MNaGdF, was explored. As shown in Fig. 5(d), obvious emission at
493, 548, 589, 594, 619, 624, 654, and 700 nm can be observed,
which is mainly due to the “Dy>'F, (J = 1-4) transition of Ev** and
the *Dy»F; (] = 6-3) transition of Tb*. Figures 5(e) and 5(f) show
the excitation spectra of NaGdF;Th*/Eu* by monitoring the
emission at 548 and 619 nm. The excitation peaks at 275 and 312
nm correspond to the *5;,34, and *5;,+F, energy level transitions
of the host Gd*, respectively. The excitation peaks in the range of
330400 nm correspond to the transitions of Th* and Eu®.
Monitoring at 619 nm, the excitation peak of Eu* overlaps with
the excitation peak of Th* partly. Compared with the excitation
spectrum by monitoring 548 nm (Tb*) emission, there is a
particularly strong Eu* characteristic excitation peak at 396 nm. It
can be seen from the excitation spectra that Th* and Eu* can be
simultaneously excited at 275, 312, 319, 343, 354, 371, and 380
nm. The emission spectra show that when the Th* concentration
is fixed at 15%, increasing the Eu* concentration has a greater
impact on the Tb* luminescence. With increasing of Eu®
concentration, the emission peak of Eu* gradually increases, and
the emission peak of Th* gradually decreases. The energy transfer
among Gd*, Tb*, and Eu* is obvious. Until the concentrations of
Tb* and Eu* separately reach 15% and 2%, the concentration
quenching effect begins to appear. The above results indicate that
15% Tb* and 1%-2% Eu® may be suitable for obtaining
appropriate ratios of green and red emissions of NaGdF,. The
calculated J-O parameters and the emission peak area ratios of *Dy-
FD-F, from the emission spectra of NaGdF,:15%Tb* /xEu™
with different Eu* concentrations are shown in Table 58 in the
ESM. The values of (3, of NaGdF,;:15%Tb*/xEu* increase with
increasing Fir* concentration.

In addition, the effect of Th* doping concentration on the
luminescence of NaGdF1%Euw*/xTb* is alko explored (Figs.
S14(a)-514(c) in the ESM). When Tb* and Eu* are less mixed
into the host matrix (less than 5%), the excitation peak at 275 nm
dominates. As the doped Th*/Ew* concentration increases, the
luminescence intensity increases, and at a co-doping
concentration of 15% Tb* and 1% Eu®, the strongest emission is

7

observed in NaGdF;Tb*/Eu*. The relevant J-O parameters are
shown in Table 59 in the ESM. We also explored the luminescence
of NaGdFxTb*/yEu* (Figs. 514(d)-514(f) in the ESM). When
the concentration of Gd* in the matrix is fixed, the phenomenon
of energy transfer becomes more obvious. With the decrease in
Tb* concentration and the increase in Eu* concentration, the
energy transfer from Th* to Eu* gradually increases, which
sharply increases the Eu* emission at 595 and 619 nm, and
produces a much stronger emission than the single-Ev* doped
NaGdF,. The relevant J-O parameters are shown in Table 510 in
the ESM.

In order to study the luminescence properties of
NaGdF;15%Th*/1.5%Eu* and CQDs3N/SEu* composite
materials, we carried out two control methods to control the ratio
of the two materials. In the synthesis process of control method 1,
the mass of C:3N/5Eu* precursor was fixed, and then a different
mass of NaGdF;:15%Th*/1.5%Eu* was added to the precursor
soluion to further synthesize NaGdFg15%Th*/1.5%Eu™-
2@C:3N/SEu* (NGFTE-x@CNE). In the synthesis process of
control method 2, NaGdF,:15%Th*/1.5%Eu® with fixed mass was
added to the different masses of C:3N/5Ew* precursor solution,
and then MNaGdF,:15%Tb*/1.5%Eu™ @C:3IN/5SEu™ x
(NGFTE@CME-x) was further synthesized. Figure 5(g) shows the
emission spectra of NGFTE-x@CNE with different mass ratios of
C:AN/SEw* and NaGdF,:15%Th*/1.5%Eu*. The emission peaks of
C:AN/SEr* and NaGdFg15%Tb*/1.5%Eu* can be observed
intuitively. By a lot of experimental optimizations, the synthesized
composite sample has almost standard white emission on the
main CCT line, as shown in Fig 515(a) in the ESM. When the
coating amount of C:3N/5Eu™ is large, the blue light of C:3N/5Eu™
is stronger, and it is easy to obtain neutral light or cool white light
When the amount of C:3N/SEu* is fixed, the luminescence
intensity of the composite sample changes significantly with the
amount of NaGdF;:15%Th/1.5%Eu*. When the addition amount
of NaGdF;:15%Th*/1.5%Eu* is large, the C:3N/5Eu® coated on
the surface of NaGdF;:15%Th*/1.5%Eu™ is relatively less; the
composite material emits better luminous intensity at this time,
and the emission of Th*/Eu* ions (red and green light) is
dominant. For the excitation spectra, a broad excitation band of
200400 nm is observed (Fig 5(h)), which is similar to the
excitation spectrum of CQDs3N/SEv® (Fig. 512(b) in the ESM).
Figures 5(i} and 5(j) correspond to the excitation spectra of
NGFTE-x@CNE monitored at 548 and 619 nm, respectively. The
main narrow excitation peaks are consistent with the characteristic
excitation peaks of Tb* and Eu* of MaGdF,. It is worth noting
that a broad excitation band appears at > 400 nm, which can be
used as evidence for energy transfer from C:3N/SEu* to
MNaGdF;:15%Th*/1.5%Fu®. It can be seen from the excitation
spectra of Tb* and Ev* that the energy transfer from C:3N/5Eu*
to Th* is more than that from C:3M/5Eu® to Ex™. The calculated J-
O parameters and the emission peak area ratios of “D,-"F,"D,-F,
from the emission spectra of NGFTE-x@CNE with different mass
ratios of C:3N/5Eu* and NaGdF,:15%Th*/1.5%Ew* are shown in
Table 511 in the ESM. The values of (3; of NGFTE-x@CNE are
changed.

Figure 516 in the ESM shows the emission and excitation
spectra of composite samples with fixed
NaGdF;15%Th*/1.5%Eu* mass and different C3N/SEd®.
Different from the previous mode, when the amount of
MNaGdF;:15%Tbh*/1.5%Eu” is fixed, the emission intensity of
Th*/Ex* in the composite sample changes less. In this case, the
blue emission intensity of C:3N/5Eu™ is easier to adjust. By adding
more CAN/5SEu® precursors, higher blue emission of C:3N/5Eu*
can be obtained. The CIE chromaticity coordinate (0.333, 0.336)
close to the standard white light emission was obtained (Fig.
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515(b) in the ESM). The calculated J-O parameters and the
emission peak area ratios of *Dy-F/'Dy-F; from the emission
spectra in Fig. 516(a) are shown in Table 512 in the ESM. The
values of (2, are almost unchanged.

In addition, it should be noted that the broad excitation band of
CAN/SEu* overlaps with the excitation peaks of Ln* ions.
Therefore, there are multiple kinds of single-wavelength excitation
processes, and NaGdF; Th*/Ev* and C:3N/5Eu™ will be excited
simultaneously. From the emission spectrum of NGFTE@CMNE-
L5 (Fig. 517 in the ESM), it can be seen that as the excitation
wavelength increases, the blue emission intensity from C:3N/5Eu™
will increase sharply and the sample mainly emits blue light, which
will lead to high CCT and low CRL Therefore, although it is
possible to simultaneously excite NaGdF,:15%Tb*/1.5%Eu* and
CAN/SEu* with multiple excitation wavelengths in the NUWV
region of 250-400, and 275 nm is the most suitable excitation
wavelength for obtaining white light and manufacturing WLED
devices from composite materials.

To further prove the energy transfer between NaGdF, Th*/Eu*
and CN/Euw*, the luminescence attenuation curves of
MNaGdF;15%Tb*/1.5%Eu* and NGFTE-25@CNE  were
measured. As shown in Fig. 5(k), under excitation at 275 nm, the
fluorescence lifetimes of NaGdF:15%Tb*/1.5%Eu* and NGFTE-
25@CHE at 619 nm are 1,366.23 and 627.48 ns, respectively. This
indicates that there is an energy transfer from NaGdF,/Th*/Eu* to
C:N/Eu*. In summary, there are several energy transfer processes:
(1) For NaGdF;Th*/Eu*@C:N/Eu”, there are energy transfers
between CN/Eu™ and the Ln* ions in NaGdFE,: Tb*/Ex™; (2) there
is no Eu* excitation peak in the excitation spectra of Th*, and
there is Th* excitation peak in the excitation spectra of Ev*, which
indicates that there is an energy transfer from Tb* to Eu®; (3)
there is a Gd* excitation peak in the excitation spectra of Th*/Eu®,
so there is an energy transfer from Gd* to Th*/Eu®. The possible
energy transfer mechanism is illustrated in the simplified energy
level diagrams, as shown in Fig 518 in the ESM. Of course, for
complex material systems doped with multiple RE ions, the energy
transfer process is also very complicated, and further research is
needed in the future. Figure 5(1) shows the luminescence photos of
samples in the liquid under NUV light irradiation. It can be seen
from the photos that we obtained the blue, green, yellow, red, and

25 Luminescence stability

We also conducted luminescence stability analysis, because the
optical stability of the material is of considerable significance for
practical applications. We studied the temperature-related optical
properties of NaGdF,:15%Th*/1 5%Eu*@C:3N/5Ew®. Figure 6(a)
shows the luminescence emission spectra of the NGFTE-
2.5@CNE nanocomposites at different temperatures. Figure 6(b)
shows the temperature-dependent function corresponding to the
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integrated intensity of the blue, green, and red emission intensities
of NGFTE-2.5@CNE. As the temperature increases, the intensities
of the blue, green, and red emission peaks decrease slightly. The
results show that the NGFTE-25@CNE composite has good
luminescence thermal stability. The calculated J-O parameters and
the integrated emission peak area ratios of “Dy-"Fo"Dy-'F, from the
emission spectra in Fig. 6(a) are shown in Table 513 in the ESM.
The values of {}; are almost unchanged with temperature.

For LED devices, the luminescence stability of the sample under
NUV light irradiation is the basis for exploring its practical
application. Therefore, we have also explored the luminescence
stability of CQDs3N/5Ew®, NaGdF;:15%Tb*/1.5%Eu®, and
NGFTE-7.5@CNE under NUV light irradiation, as shown in
Figs. 6(c)—6(g). The results show that the samples have good
stability under NUWV radiation and great application potential in
WLEDs. The calculated J-O parameters and the integrated
emission peak area ratios of *D,-F.°D-F, from the emission
spectra in Figs. 6(e) and 6(g) are shown in Tables 514 and 515 in
the ESM. The values of {2, are almost unchanged, indicating that
the samples have good luminescence stability under NUWV light
16 Applications in WLEDs
We can not only construct WLEDs with CQDsN/Ed®,
NaGdF;Tb*, and NaGdFEu*, but also directly construct
WLEDs with NaGdF,Th*/Eu*@CN/Eu* single composite
material. To predict the application possibilities of the composite
WLEDs, we took blue (CQDsN/Eu™) emission as the calculation
standard, and controlled the emission ratio of green
(NaGdF;Th") and red (NaGdF;Fu*) luminescent materials to
manufacture WLEDs. The white light emission with CRI greater
than 90 and adjustable CCT, circadian action factor (CAF) and
luminous efficacy of radiation (LER) was obtained. The schematic
diagram of the WLED devices and the spectra used for
optimization are shown in Figs. 7(a) and 7(b), respectively. Figures
7(c)-7(h) and Table 516 in the ESM summarize and present the
optical properties obtained by extensive calculations and
optimizations. As shown in Fig 7(c), the CCT value increases as
the ratio of CQDsN/Eu* to NaGdF;Tb* and NaGdF Eu*
emission intensity increases. Therefore, to obtain white light with a
lower color temperature, more green and red light emission
should be used while reducing blue light emission. CAF stands for
the impact of white light on human health. As shown in Fig. 7(d),
the CAF increases as the ratio of CQDsMN/Eu® to NaGdF,:Th*
and NaGdF,;Eu* emission intensity increases. LER is a parameter
that reflects visual performance. The higher the LER, the better the
visual performance. As shown in Fig. 7(e), the LER nearly linearly
depends on the ratio of CQDsN/Ex* to NaGdFgTb* and
NaGdF Fv* emission, and the LER decreases as the ratio
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increases. In addition, we also discussed the functional relationship
between CCT, CAF and LER, as shown in Figs. 7(f}-7(h). It can
be seen that the relationship between CCT, CAF and LER is
almost linear. CCT increases with the increase of CAF. LER
decreases with the increase of CAF. CCT also decreases with the
increase of LER. The calculation results show that the obtained
white light emission has the advantages of excellent color quality,
great visual performance, and adjustable color temperature, which
also provides theoretical support for subsequent research.

We also fabricated WLED devices with adjustable color
temperature by depositing NaGdF,; Tb*/Eux@CN/Eu* composite
materials on 275 nm NUV-LED chips. As discussed above,
changing the composite ratio of NaGdFTh*/Eu* and C:N/Eu® is
the most direct way to change the R/G/B emission ratio of the
sample, which is also a feasible scheme for obtaining full-color
(R/G/B/W) emission. In this way, the spectra obtained by using
the composite samples to the NUV-LED chips have the
characteristic emission of these samples. In addition to changing
the CCT of the WLED by using samples with different composite
ratios, changing the wvoltage applied to the device is also an
effective way to change the CCT of the WLED, which will be
discussed in detail later. By the above two methods, we used
samples with different composite ratios and changed the voltages
to obtain WLED devices with cool white light (LED-1), neutral
white light (LED-2, LED-3, LED-4, and LED-5), and warm white
light (LED-6). The corresponding emission spectra, synthesis
information, and related CIE chromaticity coordinates of the
materials used in LED-4 and LED-6 are shown in Fig. 519 in the
ESM. The spectra of the WLEDs are shown in Fig. 8(a). The CIE
chromaticity coordinates of the WLEDs are located on the white
light locus (Fig. 8(b)). Table S17 in the ESM summarizes the
detailed performance of WLEDs composed of different samples.
As expected, the CRI of WLEDs is between 91 and 95 and
produces different CCTs in the range of 3.568-6,562 K, with
excellent color quality and suitable CCT. The obtained LED-2 has
a (0.337.0.339) CIE chromaticity coordinate (close to the standard
white point); the CRI is up to 93, and the CCT is 5319 K In
addition, the CRI of LED-3 is up to 95, and LED-6 has an
extremely small D, of 0.0006 and a maximum LER of 322 Im/W,
which shows that the performance of WLEDs is excellent. The
calculated J-O parameters and the emission peak area ratios of
*Dy-"FEyDy-"F, from the emission spectra in Fig. 8(a) are shown in
Table 518 in the ESM. The values of {2; are different for different
WLED devices.

In order to further study the stability of the obtained WLED
devices, the time-dependent luminescence of the WLED devices

was tested (Fig. 8(c)). The light intensity decay rate of the obtained
WLED devices is slow (Fig. 8(d)), which proves that the WLED
devices have good stability. The calculated J-O parameters and the
emission peak area ratios of *D,-F.°D-F, from the emission
spectra in Fig. B(c) are shown in Table 519 in the ESM. The values
of [}; change slightly with time.

We also explored the effect of applied voltage on WLED light
emission by changing the voltage applied to the devices, as shown
in Fig Ha). As the applied voltage increases, the luminescence
intensity of the sample will increase, gradually changing from cold
white light to neutral white light When the voltage is low, the
emission mainly comes from C:3N/5Eu®, which indicates that
C:3N/SEw™ is easier to excite at a relatively low voltage. Then, as
the applied woltage increases, the emission of
MaGdF;:15%Th*/1.5%Eu™ will be clearer. This indicates that
higher applied voltage is required to obtain white light with a
lower color temperature. The calculated J-O parameters and the
emission peak area ratios of ‘Dy-"F"Dy-F) from the emission
spectra in Fig. 9(a) are shown in Table 520 in the ESM. The values
of 12, increase slightly with the voltages. In summary, the WLED
devices with a wide CCT range that we have obtained show great
potential in WLED applications by NaGdF, Th* /Eu*@C:N/Eu*
single phosphors due to their excellent color quality and visual
performance.

In addition to WLEDs, we also produced green, yellow-green,
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yellow, orange-red, and red LEDs. The color of the LEDs devices
can be adjusted by adjusting the concentration ratio of Th*/Eu™.
The obtained multi-color light-emitting diode has good
performance. The related variable voltage emission spectra and
photos are shown in Figs. 9(b)-9(f). Similar to the WLED devices,
the emission intensity of the WLED gradually increases as the
applied voltage increases. The calculated J-O parameters and the
emission peak area ratios of *0y-F/"Dy-F, from the emission
spectra in Figs. %{c)-9({) are shown in Tables 521-524 in the ESM.
The values of (2, increase slightly with the voltages.

3 Conclusions

Combining monochromatic fluorescent materials to obtain single-
phase white light composite materials with excellent performance
is an important part of promoting the development of WLED
applications. In summary, the DFT was employed to optimize the
structures of the C:N/Eu* and NaGdF,: Th*/Ev*, and calculate the
work function, optical properties, and charge differential density.
The results of DFT calculation and experimental characterization
show that C atoms cannot be replaced by Eu*, but C atoms are
more favorable for anchoring Eu* single atoms And the
heterojunction of the CN/Euw* and NaGdF Th*/Eu* was
successfully constructed, which proved the superiority of this new
type of composite material The NaGdF,Th*/Eu*@CN/Eu™
method and hydrothermal method. To further research on the
luminescence properties, it is confirmed that the composite
material combines the structure and luminescence characteristics
of C:N/Eu* and NaGdF,;Tb*/Eu*. The HRTEM images proved
that the CQDs formed a carbon layer on the surface of NaGdF,
composite material, it is found that the Eu* single atom structure
is formed in the surface carbon layer, which also confirms that the
nitrogen-containing carbon material is beneficial to anchoring the
RE single atoms. The experimental results show that N/Eu* can
enhance the luminous intensity of CQDs. We believe that building
a RE single-atom structure may be a new strategy to improve the
luminescence of nitrogen-containing carbon materials. Finally, by
tuning the co-doping concentration of Th* and Eu* in NaGdF,
and the mixing ratio of CIN/Eu™, the emissivity of red, green, and
blue  was  successhully adjusted to  make @ the
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NaGdF Th*/Eu*@CN/Eu® composite material have excellent
color quality and white light. This new functional RE luminescent
material has successfully realized the WLED devices with excellent
color performance (CRI is up to 95) and controllable CCT
(3.568-6,562 K). It is confirmed that they have great potential in
WLED applications.
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