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ABSTRACT

A novel host-guest luminous system with enhanced near-UV light absorption thereby enhanced luminescence are designed based
on the synergism of quantum confinement, spatial confinement, and antenna effect, where ultrasmall Y2Og:Eu®* nanocrystals are
fixed inside MOF (Eu/Y-BTC) as supporting structure. The Eu/Y-BTC not only limits the size and leads to lattice distortion of
Y,03:Eu® nanocrystals and controls the distance between nanocrystals, but also promotes the light absorption and emission. The
significantly red-shifted and broadened charge transfer band of YOs:Eu*/(Eu/Y-BTC) leads to the excellent applications of
Y,0s:Eu® in white light-emitting diodes (LEDs). Our results show that white light with superior color quality (CRI>90) and extremely
high luminous efficacy (an LER of 335 Im/W) could be achieved using Y20s:Eu**/(Eu/Y-BTC) as red phosphor. The Y,Os:Eu®/
(Eu/Y-BTC) also improves the photoelectric performance of dye-sensitized solar cells (DSSCs), not only because Y,Os:Eu*/(Eu/Y-BTC)
has a large specific surface area and the adsorption amount of the dye is increased, but also because the valence band position of
Y 03:Eu*/(Eu/Y-BTC) is 2.41 eV, which can provide an additional energy level between the TiO, and dye, promoting electron
transfer. For these advantageous features, the multifunctional Y2Os:Eu®*/(Eu/Y-BTC) composite product will open new avenues in

white LEDs and DSSCs.
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1 Introduction

Due to the unique electronic structure, rich energy levels,
and characteristic spectral signature of rare-earth ions, the
multifunctional rare-earth luminescent materials have the
advantages of wide emission spectral range, narrow line-width
emission, and stable physical and chemical characteristics,
which have made them promising materials to achieve highly
efficient optoelectronic devices such as flat displays, solar cell,
and new light sources [1-9]. Particularly, rare-earth luminescent
materials have very important practical value in advancing
solid-state lighting technology. To fully realize the potentials of
rare-earth luminescence materials in modern optoelectronic
devices, further improving the efficiency of these materials is
essential. The cross-section of the absorption band has a
significant effect on the emission, which could be increased by
engineering charge transfer and confinement. This, in turn,
can improve the efficiency of photoelectronic devices [10-14].
At present, rare-earth ions have been successfully introduced
into a variety of inorganic metal oxides, inorganic metal salts,
and a series of composite products [15-20]. The effects of

rare-earth ions on the morphology, luminous properties, and
band structure of materials were studied in depth [21-24].
Among them, Y,Os:Eu™ exhibits better light emission
characteristics and light maintenance characteristics, which has
been used in commercial devices [25]. However, the Y>Os:Eu**
could not be used in the white light-emitting diodes (LEDs) as
it could not efficiently absorb near-UV/blue light. In addition,
the size of Y,Os:Eu’" synthesized by conventional methods is
relatively large, which affects the luminous intensity to some
extent. Therefore, synthesizing small-sized Y.OsxEu® with
enhanced near-UV light absorption and solving the agglomeration
problem due to lattice defects have become important measures
to improve the luminous properties of Y>Os:Eu™.

Recently, metal-organic framework (MOF) materials com-
posed of inorganic nodes and organic linkers have attracted
extensive attention in photocatalysis [26-29], electrocatalysts
[30, 31], single-atom catalysts [32-35], sensing [36-38], and
photovoltaic applications [39, 40] due to their superior
photoluminescent and electronic properties, and unique pore
structure. The rare-earth metal-organic frame (Ln-MOF) has
excellent luminous properties due to the rigid skeleton of MOF,
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rich energy levels of rare metals, and antenna effect [41-47].
MOF has also been used as a precursor to prepare oxide materials
[48]. Besides, because of the stable cavity structure and large
specific surface area of the MOF and MOF-derived oxides,
they also exhibit good properties in terms of dye adsorption
[49, 50]. For example, MIL-125 and ZIF-8 have been widely
used in the research of photoanodes of dye-sensitized solar cell
(DSSC) to improve cell efficiency by increasing the amount of
dye adsorbed and inhibiting charge recombination [51]. More
importantly, MOF is also an excellent platform for host-guest
chemistry. The composite materials composed of two or more
materials can have the properties of all single materials [52].
In addition, the spatial confinement effect can effectively
improve the properties of materials, and thus, they may have
a wide range of applications and more novel properties [53].
However, Y>0s:Eu’*/Ln-MOF host-guest nanocomposites have
never been reported because the size of Y,Os:Eu’* prepared by
traditional methods is too large to fit into MOF matrices.
Based on the consideration of the quantum and spatial
confinement effect of ultrasmall Y>Os:Eu* as well as the antenna
effect of Ln-MOE, we propose a new composite luminescence
system with enhanced near-UV light absorption thereby enhanced
luminescence, where ultrasmall Y,Os:Eu’* nanocrystals with
larger specific surface areas were fixed inside Eu/Y-BTC as
supporting structure (Scheme 1). As we expected, enhanced
luminescence was observed from Y,Os:Eu’* by using MOF
(Eu/Y-BTC) as a supporting structure, because the Eu/Y-BTC
can promote the absorption of light as well as changing the
local symmetry around Eu’ ions. Both the excitation band
and emission peaks of Y,Os:Eu*"/(Eu/Y-BTC) show broadened
compared to Y.Os:Eu’. There is also a redshift for the
excitation band as well as a red shift for the emission peaks of
Y205:Eu**/(Eu/Y-BTC) compared to that of Y,Os:Eu*, which
could overcome the shortcomings of weak absorption of near
UV light for Y>OxEu® and lead to potential applications in
highly efficient and high-quality white LEDs [54-56]. The
specific surface areas of Y>0s:Eu’*/(Eu/Y-BTC) was calculated
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to be 118.4779 m?/g, which is conducive to the adsorption of
dyes, thus improving the efficiency of the cells. More importantly,
the valence band positions of Y,Os:Eu**/(Eu/Y-BTC) are
calculated to be 2.41 eV, which can provide an additional energy
level between the TiO: and dye, promoting efficient electron
transfer [57].

2 Results and discussion

2.1 Design scheme of overall work

As mentioned above, Y>Os:Eu** as a highly efficient red phosphor
has been used in fluorescent lamps for decades as it can absorb
254-nm light and emit bright red light. However, this material
has not been used in white LEDs due to the weak absorption
of near UV light. To solve this problem, a new composite
luminescence system with enhanced near-UV light absorption
thereby enhanced luminescence was proposed based on the
quantum and spatial confinement effect of ultrasmall Y,Os:Eu*
as well as the antenna effect of Eu/Y-BTC, as shown in Scheme
1. The molecular structure of Ln-BTC is shown in Fig. S1 in
the Electronic Supplementary Material (ESM).

As we expected, Eu/Y-BTC was prepared by the solvothermal
method under moderate conditions first, and then the
transformation of Eu/Y-BTC into Y,OsEu*/Eu/Y-BTC and
Y20::Eu** was achieved by calcination of Eu/Y-BTC at different
temperatures. A series of characterization results show that
many ultrasmall Y>Os:Eu®* nanocrystals with larger specific
surface areas were fixed inside Eu/Y-BTC as supporting structure,
which will be proved in detail later. More importantly, the
Eu/Y-BTC remains a framework structure for Y,Os:Eu*/Eu/
Y-BTC, and thus, the Eu/Y-BTC not only limits the size and
leads to lattice distortion of ultrasmall Y>Os:Eu®* nanocrystals
as well as controls the distance between nanocrystals during
the synthesis process, but also promotes the light absorption
and emission as well as changing the value of J-O parameters,
which directly affects the intensity of Do — ’F» emission of
Eu’* ions.
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Scheme 1 Synthesis of Eu/Y-BTC, Y,05:Eu**/(Eu/Y-BTC), and Y,Os:Eu**. The bottom left part is the schematics of the LED structure. The bottom right
part is the schematics of the working principle of TiO:-Y>0s:Eu’*/(Eu/Y-BTC) composite cells.
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The bottom left part is the designed LED application process, Y-BTC, and the weight loss around 350 °C is attributed to the

and the red-emitting Y,Os:Eu’*/(Eu/Y-BTC) was combined degradation of the free-BTC ligand. When the temperature is

with blue, green, and yellow-emitting perovskites to obtain the higher than 430 °C, the weight loss is attributed to the gradual

white LEDs. The bottom right part is the schematic working loss of ligands. When the temperature reaches 520 °C, the weight

principle of TiO,-Y,Os:Eu*"/(Eu/Y-BTC) composite cells. An loss is attributed to the collapse of the organic framework

intermediate energy level was formed by inserting Y>Os:Eu™/ completely, and stable oxides are formed. Therefore, YOs:Eu*/
(Eu/Y-BTC) between TiO: and dye, which leads to reduced (Eu/Y-BTC) composite materials can be obtained by choosing
electron loss and the reduced charge recombination. The energy the appropriate calcination temperature, and the transmission

level formed by Y>Os:Eu’*/Eu/Y-BTC makes the photo-generated electron microscopy (TEM) images discussed later will further
electrons easier to be transported from dye to TiO: instead of demonstrate the confinement effects and lattice distortion of

recombining with holes in the valence band, which leads to ultrasmall Y>Os:Eu* nanocrystals inside Eu/Y-BTC.

effective electron-hole separation. The Fourier transform infrared (FT-IR) spectra of Eu/Y-BTC
. and Eu/Y-BTC sintered at different temperatures are shown in

2.2 Morphology and structure analysis Fig. 1(d). The Eu/Y-BTC calcined at 400 °C still has typical peaks

The powder X-ray diffraction (P-XRD) patterns of the MOFs of organic linkers. The characteristic absorption bands at 1,538-
prepared by the solvothermal method are shown in Fig. 1(a). 1,575 and 1,383-1,442 cm™' are attributed to the asymmetry

According to different kinds of rare-earth ions, the MOFs and symmetric stretching vibrations of -COO-, respectively.
without calcination are marked as Y-BTC and Eu/Y-BTC, This is a typical characteristic peak of metal-organic framework
respectively. The characteristic diffraction peaks of Y-BTC material (MOF) [59]. After the sample is calcined at high
and Eu/Y-BTC are nearly identical to literature ones of temperature, there are still characteristic peaks of ~-COO- and
Eu(BTC)(H.0)-1.5H,O (CCDC-617492(1)) [58]. It is thus C=0 in the spectrum, which proves that the calcined product
confirmed that the crystal lattice of as-prepared MOFs is contains trace amounts of MOF. Among them, the characteristic
identical to that of Eu(BTC)(H.0O)-1.5H,0, and belongs to the bands near 1,635 cm™ in the samples of Eu/Y-BTC and
tetragonal space group P4(3)22. Eu/Y-BTC(400 °C) can be attributed to the uncoordinated

The P-XRD patterns of Eu/Y-BTC at different calcination —~COOH group. The absorption peaks of Y>Os:Eu* (500 °C)
temperatures are shown in Fig. 1(b), which is consistent with and Y,Os:Eu*/(Eu/Y-BTC) (450 °C) at 1,524 cm™ and 1,402 cm™
results from TGA measurements discussed later. When the are attributed to the stretching vibration of the C-O bond. The

calcination temperature is 400 °C, the sample maintains band centered at 771 cm™ may be designated as a ring-out of
characteristic XRD peaks of Eu/Y-BTC. However, when the plane deformation vibration of the benzene nucleus of the
calcination temperature is 450 °C, the samples become the substituted 1,3,5-benzenetricarboxylic acid. The small bands
composite-product Y>Os:Eu’*/(Eu/Y-BTC), where ultrasmall around 460 and 567 cm™ are from the Y-O interaction,
Y,Os:Eu’* nanoparticles are confined within the Eu/Y-BTC demonstrating that the Y atoms have successfully coordinated
framework structure. When the temperature is 500 °C, the to the carboxyl groups. The broadband around 3,500 cm™
main component is Y>Os:Eu* nanocrystals. When the temperature corresponds to the absorption peak of -OH group in water

increases to 550 °C, the characteristic diffraction peaks of molecules. When the calcination temperature exceeds 450 °C,
Eu/Y-BTC disappear completely, indicating that Eu/Y-BTC was the sample gradually becomes Y,Os:Eu* and the characteristic
completed transformed into Y.0sEu**. The TGA measurement peaks of the organic linkers disappear.

of Eu/Y-BTC was performed under an ambient atmosphere The UV-vis absorption spectra of Eu/Y-BTC and the
and the results are shown in Fig. 1(c). The weight loss at the samples at different calcination temperatures were recorded in
temperature range between 25 °C and 150 °C is mainly due to the solid state at room temperature. As shown in Fig. 1(e),
the release of free and terminal water molecules from Eu/ Eu/Y-BTC has a strong absorption band around 286 nm. The
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Figure 1 (a) XRD patterns of simulated, Y-BTC, and Eu/Y-BTC (10%Eu) before calcination. (b) XRD patterns of Eu/Y-BTC (10%Eu) and Eu/Y-BTC
(10%Eu) sintered at different temperatures. (c) TGA curve of Eu/Y-BTC (10%Eu). (d) FT-IR spectra of Eu/Y-BTC (10%Eu) sintered at different
temperatures. (¢) UV-vis absorption spectra of Y20s:Eu**/(Eu/Y-BTC) and Y.Os:Eu**. (f) The bandgap of Y20s:Eu**/(Eu/Y-BTC) and Y20s:Eu®.
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weak absorption peaks at longer wavelengths are mainly
attributed to the absorption of Eu® ions. Theoretically, the
multiple absorption bands of benzene centered at 254 nm should
be produced due to the overlap of the n>m* type transition
and the vibrational level transition of the aromatic ring. After
coordination of rare-earth ions, the orbital energy of m* is
decreased due to the conjugated interaction between the n->m*
and n>7* transitions of the C=0 group [60]. Thus, the energy
required for the m>m* and n->m* transitions is lowered, and
the absorption band of Eu/Y-BTC is red-shifted than that of
H:;BTC ligands before the coordination of rare-earth ions.
Furthermore, when Y**/Eu’* ions are coordinated with the
benzoylformic acid, the charge density on the oxygen atom
and the conjugate effect increase, and the absorption peak is
red-shifted. More importantly, the results showed that the
absorption peaks of Y,Os:Eu’*/(Eu/Y-BTC) is enhanced than
those of Y0s:Eu’**, which is in a good agreement with results
from the excitation spectra discussed later. Figure 1(f) shows
the bandgap of Y.Os:Eu’* is narrower compared to that of
Y.0s:Eu**/(Eu/Y-BTC), indicating that Y>Os:Eu™ can broaden
the photoelectric response area and improve the utilization of
light, which will improve the performance of LEDs and DSSCs.
The composite materials Y>Os:Eu*"/(Eu/Y-BTC) mentioned
in the article are all prepared at 450 °C with Eu/Y-BTC as
the precursor, and the Y>Os:Eu® mentioned are all prepared at
500 °C with Eu/Y-BTC as the precursor.

The TEM measurements were carried out to further prove
the confinement of ultrasmall Y,Os:Eu® nanocrystals inside
MOE The TEM images in Figs. 2(a)-2(c) show that the prepared
Eu/Y-BTC without calcination and Eu/Y-BTC sintered at 400 °C
are a large-sized micron rod-like structure with a smooth and
continuous surface. The TEM images of Eu/Y-BTC (30%Eu)
are shown in Fig. S2 in the ESM. When Eu/Y-BTC is calcined
at a high temperature in the ambient atmosphere, the carbon
in the skeleton gradually loses and changes significantly in a
shorter temperature range, and thus, it produces metal oxides
and carbon dioxide. As shown in Fig. 2, when the calcination
temperature rises to 450 °C, there are intermediate pores on
the surface and inside of the sample, and the composite-product
Y205:Eu**/(Eu/Y-BTC) still maintains the skeletal morphology
due to the support of Eu/Y-BTC, proving the space confinement
of ultrasmall Y>Os:Eu* nanocrystals inside MOE. When the
temperature was raised to 500 °C, most of the Eu/Y-BTC

N

Figure 2 TEM and HRTEM images of ((a), (b)) Eu/Y-BTC (10%Eu) and Eu/Y-BTC (20%Eu) without calcination, (

400 °C. (d)-(f) Y205:Eu’*/(Eu/Y-BTC), and ((g), (h)) Y20s:Eu*".
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structure collapsed, and the small particles of Y,Os:Eu™ with
a mean size of 6 nm were obtained. The HRTEM images in Fig.
2(f) show that the lattice spacing of Y.OsEu’*/(Eu/Y-BTC)
composite is 0.295 nm, which corresponds to the Y,Os:Eu*
(222) crystal plane. While the lattice spacing for (222) crystal
plane of Y>Os:Eu’* small particles prepared by using MOF as a
precursor is 0.305 nm at the sintering temperature of 500 °C
as shown in Fig. 2(h). We speculate that the reason for the
inconsistent lattice spacing is lattice distortion.

The X-ray photoelectron spectroscopy (XPS) spectra of the
Eu/Y-BTC at different calcination temperatures are presented
in Fig. 3(a). The signals contained in the XPS spectra can be
attributed to the electronic transitions of Y, Eu, C, and O. By
comparing the XPS spectra of samples calcined at different
temperatures, it can be obtained that the peaks of Eu and Y
gradually become apparent with increasing the calcination
temperature, and the peak of C gradually decreases. The
measurement was carried out on the surface of the sample. We
speculated that the Eu/Y-BTC without calcination contained a
large amount of organic framework, and only a small amount
of metal was exposed on the surface, and thus the peaks of
Eu and Y in the spectra are not obvious. As the calcination
temperature increases, the sample is oxidized in the air and
the C in the sample is gradually lost. All these are consistent
with the XRD results discussed above. Furthermore, Eu’* is
identified by Eu 3d and Eu 4d peaks, and the Y 3s, Y3p, Y3d,
and Y 4p peaks indicate the presence of Y**. The Eu 4d scan is
presented in Fig. 3(b), and the peaks located at ~135.10 eV
and ~140.84 eV produced by fitting are attributed to Eu 4ds
and Eu 4dsp, respectively. The Y 3d scan is shown in Figure 3(c),
and peaks located at ~ 155.97, ~ 157.82, and ~ 159.75 eV obtained
by fitting are ascribed to Y 3ds;2 and Y 3dsp, respectively. The
peaks at ~284.46, ~ 285.85, ~ 287.53, and ~ 289.38 eV shown
in Fig. 3(d) belong to C 1s. The peaks at ~ 528.94, ~ 531.51,
and ~ 532.29 eV in Fig. 3(e) originated from O 1s. The valence
band edge positions of Eu/Y-BTC (10%Eu) and Y.Os:Eu’*/
(Eu/Y-BTC) (10%Eu, 450 °C) are calculated to be 2.68 and
2.41 eV, respectively. Figures S3-S5 in the ESM is the XPS
spectra of the Eu/Y-BTC (10%Eu) without calcination and
Eu/Y-BTC (10%Eu) sintered at different temperatures. We
found that compared with Eu/Y-BTC, the binding energy of
Eu 4d in Y,O0s:Eu*/(Ew/Y-BTC) (450 °C) has a negative shift
(1.61 V). This is due to the formation of Ln,Os, which results

2'»._ ;3

¢) Eu/Y-BTC (10%Eu) sintered at
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Figure 3 (a) The survey XPS spectra of Eu/Y-BTC (10%Eu) sintered at different temperatures. (b)-(e) High-resolution XPS spectra of Eu, Y, C, O in
Y0s:Eu**/(Eu/Y-BTC) (10%Eu). (f) XPS valence-band spectrum of Y>O3:Eu**/(Eu/Y-BTC) (10%Eu).

in strong interaction between the nanocrystals. Thus, ultrasmall
Y.Os:Eu* guest nanocrystals are confined inside the Eu/Y-BTC
host material. The N, adsorption-desorption isotherms and
BJH pore size distribution plots of samples with different
calcination temperatures are shown in Fig. S6 in the ESM. The
N adsorption-desorption isotherm curve of Eu/Y-BTC (400 °C)
belongs to type I, and the hysteresis loop belongs to type H4.
These indicate that the sample has more micropores and slit
holes are formed by the layered structure. The N, adsorption-
desorption isotherm curve of Y.0s:Eu**/(Eu/Y-BTC) (450 °C)
belongs to type IV, and the hysteresis loop belongs to type H3
caused by the aggregation of the capillary and the aggregation
of the particles in the structure, indicating that the sample
has typical mesoporous structure. All this further proves the
confinement of ultrasmall Y,Os:Eu* nanocrystals supported
by Eu/Y-BTC.

The specific surface areas of Eu/Y-BTC (400 °C) and
Y203:Eu**/(Eu/Y-BTC) (450 °C) calculated by BET theory are
846.9277 and 118.4779 m*/g, respectively. The desorption average
pore width of Eu/Y-BTC (400 °C) and Y.Os:Eu**/(Eu/Y-BTC)
(450 °C) were 4.6925 nm and 17.4622 nm, respectively.
Compared with Eu/Y-BTC, the decrease of the specific surface
areas as well as the increase of the pore widths of Y.OsEu’*/
(Eu/Y-BTC) can be attributed to the formation of the intermediate
pores on the surface and inside of the sample, and the frame
structure is on the verge of collapse. By discussing the existing
data, Y,Os:Eu®*/(Eu/Y-BTC) still retains a certain skeleton
structure. Note that the specific surface area of Y,Os:Eu’*
supported by Eu/Y-BTC is larger than that of Y,OsEu’* prepared
by the conventional method. The larger specific surface area
has positive effects on both dye adsorption and luminescence
properties.

2.3 Luminescence properties

We investigated the effects of spatial confinement and rare-earth
doping concentration on luminescent properties. The excitation
spectra of Y,OsEu™/(Euw/Y-BTC) and Y.OsEu’ monitored
at 618-nm emission are shown in Fig. 4(a). The excitation
spectra of Eu/Y-BTC and Eu/Y-BTC sintered at 400 °C by
monitoring 618-nm emission are also presented in Fig. S7 in
the ESM for the comparison purpose. The strong spectral band

around 300 nm is mainly from the multiple absorption bands
of benzene due to the overlap of the n-n* type transition and
the vibrational level transition of the aromatic ring. In addition,
the charge transfer transitions from the 2p orbital of O* to the
4f orbital of Eu®* as well as the n->n* transitions of the C=0
group also play an important role in the excitation spectra.
These ligands in the MOFs sensitize Ln*" and increase its
luminescence intensity, which is the so-called antenna effect.
The sharp excitation peaks are caused by the f-f transition of
Eu ions. Compared with Y>Os:Eu**, the excitation peak intensity
of Y20s:Eu’*/(Eu/Y-BTC) increases obviously. The position
of the excitation band of Y,Os:Eu**/(Eu/Y-BTC) undergoes a
red-shift and broadening compared to that of Y.OsEu™,
which can be attributed to the quantum confinement effect of
ultrasmall Y,Os:Eu™ particles inside Y.Os:Eu**/(Eu/Y-BTC).
All of these will be discussed in detail later.

Compared with Y>Os:Eu*, not only the emission peak intensity
of Y>05:Eu*/(Eu/Y-BTC) increases, but also the emission peaks
of Eu/Y-BTC and Y-Os:Eu*/(Eu/Y-BTC) show a red-shift and
broadening. The emission peaks of Y>Os:Eu**/(Eu/Y-BTC) and
Y>0s:Eu** split compared with those of Eu/Y-BTC and Eu/Y-BTC
sintered at 400 °C. We speculate that the intensity of the peak
is not only affected by the crystallinity and size of the Y,Os:Eu**
but also affected by the spatial confinement and antenna effect
of Eu/Y-BTC. Figure 4(c) shows the excitation spectra of
Y205:Eu**/(Eu/Y-BTC) composite-product with different Eu**
contents, which was monitored at 618-nm emission.

Figure 4(d) shows the emission spectra of Y.OsEu™/(Eu/
Y-BTC) with different Eu’* contents, which was excited by
296-nm light. It was found that Y.Os:Eu™/(Eu/Y-BTC) has
both Y,0s:Eu® and Eu/Y-BTC down-converted fluorescence
characteristic peaks. As the concentration increases, the luminous
intensity also increases first and then decreases. When the
doping concentration is 10%, the light emission intensity is the
strongest. At the same time, we measured the excitation spectra
of Y>0s:Eu**/(Eu/Y-BTC) composite-products by monitoring
the different emission wavelengths and the emission spectra
of those at different excitation wavelengths. Figure 4(e) is the
excitation spectra of Y>OxEu’*/(Eu/Y-BTC) at different detection
wavelengths. When the detection wavelength is 618 nm, its
excitation spectrum intensity is the highest. Figure 4(f) is the
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Figure4 (a) Excitation spectra of Y>03Eu*"/(Eu/Y-BTC) and Y,O3Eu*" monitored at 618 nm. (b) Emission spectra of Y,Os3:Eu®/(Euw/Y-BTC) and
Y20s:Eu excited at 296 nm. (c) Excitation spectra of Y>Os:Eu**/(Eu/Y-BTC) with different Eu** concentrations monitored at 618 nm. (d) Emission
spectra of Y>Os:Eu*/(Euw/Y-BTC) with different Eu’* concentrations excited at 296 nm. (e) Excitation spectra of Y,O3:Eu**/(Eu/Y-BTC) (10%Eu)
monitored at different wavelengths. (f) Emission spectra of Y03:Eu**/(Eu/Y-BTC) (10%Eu) excited at different wavelengths.

emission spectrum of Y,Os:Eu®/(Eu/Y-BTC) under different
wavelength light excitation. When the excitation wavelength is
296 nm, its emission spectrum intensity is the highest, however,
the peak position does not change. Figure S8(a) in the ESM
presents the excitation spectra of Y,Os:Eu** with different Eu**
contents, which was monitored at 618-nm emission. Figure S8(b)
in the ESM is the emission spectra of Y,Os:Eu™ with different
Eu® contents excited at 296 nm. When the doping concentration
is 2%, the light emission intensity is the strongest.

In addition, we calculated the J-O parameters of different
samples from emission spectra, and the results are summarized
in Table 1. Generally, the change of the values of Q4 are smaller
than those of Q, and thus, the values of (2 are related to the
symmetry around Eu’* ions, which directly affects the intensity
of °D¢>’F, emission peak. When the Eu’* concentration is fixed
at 10 mol%, the values of (), are calculated to be 4.99 x 107,
6.01 x 107, 4.49 x 107, and 1.14 x 10’ cm’ for Eu/Y-BTC,
Eu/Y-BTC sintered at 400 °C, Y,Os:Eu**/(Eu/Y-BTC), and
Y.Os:Eu™, respectively. In addition, the values of Q; of Y.OsEu**/
(Eu/Y-BTC) increase with increasing Eu** concentrations.
This is attributed to the energy transfer from the Eu®* at Cs; to
that at C, sites. The transitions of Eu’* are sensitive to the
crystal field environment and this results in different optical
properties of Eu* at different symmetry sites. The intra-
configurational f-f electric dipole transitions took place for
the Eu* located in noncentrosymmetric sites (C;) and have
high intensity, which is more favorable. The magnetic dipoles

transition for the Eu** in centrosymmetric sites (Csi) has low
efficiency which is not favorable for practical applications. The
energy transfer from the Eu* at Cs to that at C; sites increases
with the increase in the Eu’* concentration. Thus, the ratio of
electric dipole transition to magnetic dipole transition increases
with concentration and leads to the significantly enhanced
emission, which is reflected in the increase of Q. The change
of the Q, values show that the local symmetry around Eu**
ions has changed, which was caused by the synergism of
the quantum confinement effect of Y>Os:Eu** and the spatial
confinement effect as well as the antenna effect of Eu/Y-BTC.
To further study the quantum confinement effect and space
confinement effect on the enhanced near-UV light absorption
thereby enhanced luminescence, the excitation bands of samples
in the range of 220-350 nm were fitted with five or eight Gaussian
curves, respectively. The excitation bands of Eu/Y-BTC, Eu/
Y-BTC sintered at 400 °C, and Y,Os:Eu**/(Eu/Y-BTC) can be
fitted with five Gaussian curves, while the excitation band of
Y,0s:Eu* can be fitted with eight Gaussian curves. Since Y>0;
in the Y,03:Eu**/(Eu/Y-BTC) structure is small in size, there
is a quantum confinement effect, but this factor has a little
influence on the luminous intensity. The strong and broad
excitation peaks of Eu/Y-BTC overlaps with the excitation peak
of Y,Os:Eu*, so the Gaussian curves of Y>03:Eu**/(Eu/Y-BTC)
will decrease. For Eu/Y-BTC, Eu/Y-BTC sintered at 400 °C,
and Y,Os:Eu®/(Eu/Y-BTC), the first peak at 256 nm is attributed
to the CTB Eu’*—0O?, and the other four peaks are attributed

Table1 The calculated J-O parameters and the emission peak area ratios of *Do-"F2/°Do-"F from the emission spectra of different samples (Fig. 5)

Samples 2 (x107% cm?) 2 (x107%° cm?) Peak area ratios *Do-"F2/°Do-"F1
Eu/Y-BTC (10%Eu) 4.99 2.01 2.66
Eu/Y-BTC (10%Eu, 400 °C) 6.01 2.05 3.14
Y>0;:Eu*/(Eu/Y-BTC) (0.5%Eu) 2.70 1.32 1.69
Y>03:Eu*/(Eu/Y-BTC) (2%Eu) 3.00 1.38 1.86
Y>0;:Eu*/(Eu/Y-BTC) (10%Eu) 4.49 1.84 2.68
Y>03:Eu*/(Eu/Y-BTC) (15%Eu) 5.31 2.15 3.14
Y,05:Eu** (10%Eu) 1.14 1.40 3.76
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nm can be fitted with five and eight Gaussian curves, respectively.

to the multiple absorption bands of ligands. Due to the change
of coordination environment around Eu** caused by calcination,
the positions of these excitation peaks are slightly shifted. The
CTB (Eu**>0?%) of Y:0s:Eu*/(Eu/Y-BTC) is wider than that
of Eu/Y-BTC, while narrower than that of pure Y.OsEu’.
Furthermore, the three narrow excitation peaks at 305, 322,
and 328 nm for Y,Os:Eu’* are attributed to the {-f transition of
Eu ions, and the excitation band at 234 nm is attributed to the
absorption of Y>0s. In addition, the CTB Eu**>O* of Y,Os:Eu*/
(Eu/Y-BTC) shows blue-shift compared to Y,Os:Eu*, indicating
that the particle size of Y,Os:Eu*" inside Y,Os:Eu*"/(Eu/Y-BTC)
is smaller than that of pure Y>Os:Eu*".

2.4 Potential applications in white LEDs

The significantly red-shifted charge transfer band of Y,Os:Eu**/
(Eu/Y-BTC) obtained in this work compared to that of Y>Os:Eu**
reported in the literature might open new application avenues.
The Y>Os:Eu’ as an economic and highly efficient red phosphor
has been used in fluorescent lamps, field emission displays, and
projection television for many decades. As mentioned above,
the traditional Y>Os:Eu® could not be used in the white LED
applications as it could not efficiently absorb near-UV/blue
light and emit red light. In this work, we have shifted the charge
transfer band from ~ 250 nm to ~ 300 nm. Thus, they can
absorb near near-UV light from III-nitride LEDs to emit red
light. In this work the red-emitting Y>Os:Eu**/(Eu/Y-BTC) was
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Figure 6
1931 chromaticity diagram.

combined with blue, green, and yellow-emitting perovskites
to obtain the white LEDs.

We performed extensive calculations to optimize the white
LED device structure. Specifically, white LED spectra were
optimized by tuning the ratios of different emissions. Then
color characteristics of these LED spectra were calculated with
the goal of finding the best combinations and the fundamental
limit. The results show that the white light with extremely high
color rendering index (>90), high luminous efficacy (up to
335 Im/W) could be achieved by choosing the suitable ratios of
different emission. The color temperature of white light could
also be tuned by simply adjusting the ratios of materials used
in the fabrication of white LEDs. The color characteristics of 6
representative white LED with various CCT are summarized
in Table S1 in the ESM. Note that the ratios listed in Table S1
in the ESM were normalized by using the blue emission. A
CCT of 4,992 of white light was obtained at power ratios of
1:1.15:0.95:1.27, and the corresponding LER is 335 Im/W,
which is the highest LER obtained among all the combinations.
White light with the CIE coordinates of (0.323, 0.333) and the
CCT of 5,933 K was obtained by slightly decreasing green,
yellow, and red emission. The continuous increase of CCT and
CAF was obtained by keeping decreasing the amount of green,
yellow, and red-emitting materials used in the fabrication of
white LEDs. The spectral power distributions of these LEDs
are plotted in Fig. 6(a) and CIE coordinates are shown in

0.0 02 04 06 08
X

(a) Spectral power distribution of white light with various CCTs (2,989-9,903 K). (b) The chromaticity coordinates of white light in the CIE
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Fig. 6(b). No obvious deviation from Planck locus is observed,
indicating the extremely small Dy and the pure white light
was obtained.

To provide guidelines for the fabrication of white LEDs with
high color quality, tunable CCT, and excellent vision performance
by using metal halide perovskites and Y.Os:Eu**/(Eu/Y-BTC)
composites, we investigated the color characteristics of white
light on various parameters and we found that ratio of the
amount of blue and green-emitting materials to that of yellow

and red-emitting materials determine the CCT, CAF, and LER.

As shown in Figs. 7(a), 7(c), and 7(e), both the CCT and CAF
increase with the ratio, however, LER decreases with the ratio.
Higher LER and lower CCT could be obtained at a smaller ratio,
while higher CCT and lower LER could be obtained at a larger
ratio. In general, by incorporating more Y,Os:Eu**/(Eu/Y-BTC)
into white LEDs, the LER could be increased as shown in
Fig. 7(d), in the meantime, the CCT and CAF could be decreased,
and thus obtain the warmer light.

2.5 Potential applications in DSSC

Finally, we also studied the effect of Eu/Y-BTC at different
calcination temperatures on photoelectric properties. Figure S9(a)
presents the photocurrent—voltage (J-V) curves of solar cells
based on P25, P25+Eu/Y-BTC, P25+Y,0sEu*"/(Eu/Y-BTC), and
P25+Y,0::Eu* and the corresponding photovoltaic parameters
are summarized in Table S2 in the ESM. The results indicate
that the photoelectric conversion efficiency of P25+Eu/Y-BTC
composite cells is not only higher than that of pure TiO; cells
but also higher than that of other composite cells containing
Eu/Y-BTC. This is mainly due to the increase in the amount of
dye adsorbed by the photoanode. Figure S9(b) in the ESM
presents the UV-vis absorption spectra of desorption dye from
N719-sensitized P25 and P25+Eu/Y-BTC sintered at different
temperatures photoanodes. We can see that the intensity of the
absorption peak at around 500 nm of the dye desorbed from
the P25+Eu/Y-BTC photoanode is the strongest. According
to the Beer-Lambert law, the amount of dyes desorbed from
the P25+Eu/Y-BTC photoanode is 46.6% higher than that of
pure P25 photoanode. This is attributed to the introduction of

Nano Res.

Eu/Y-BTC, which increases the total specific surface area of
the photoanode film. Due to the large size of Eu/Y-BTC and
Eu/Y-BTC (400 °C), when they are doped in P25, the film
quality of the photoanode is negatively affected, and the
adsorption capacity of the dye is weakened. The increase in
the amount of dye adsorption facilitates the capture of light,
thereby improving the photoelectric conversion efficiency of
the solar cell. When the Eu/Y-BTC was calcined at 500 °C,
the sample almost completely lost its skeleton structure, and
the formed Y,Os:Eu** would agglomerate, which affected the
adsorption of dyes to a certain extent. Impedance measurements
were performed to study the charge transport properties of
the P25, P25+Eu/Y-BTC, P25+Y,0s::Eu**/(Eu/Y-BTC), and
P25+Y,05:Eu’ thin films. The measurements were conducted
before dye adsorption and without the illumination. The largest
impedance was obtained from P25+Eu/Y-BTC as shown in
Fig. S9(c) in the ESM. It is well known that the larger size of
samples can affects the quality of the film. Thus the largest
impedance is attributed to the larger size of Eu/Y-BTC without
calcination. The size of Eu/Y-BTC decreases with increasing
the calcination temperature, which leads to gradually increased
film quality, and results in the decrease of impedance. Additionally,
the reduction of impedance can be attributed to the formation
of channelized transition pathways. The Mott-Schottky plots
of P25, P25+Euw/Y-BTC, P25+Y.0s:Eu*/(Eu/Y-BTC), and
P25+Y,0s:Eu’* films shown in Fig. S9(d) in the ESM indicate
that they are n-type semiconductors. Partially enlarged the MS
plots of P25 and P25+Y>05:Eu**/(Eu/Y-BTC) films, we marked
the intercept of the X-axis and got the flat band potential in
Fig. S9(e) in the ESM. Figure S10 in the ESM shows the incident
photon to current (IPCE) spectra of the cells. In addition,
the energy level formed by Y.OsEu’*/(Eu/Y-BTC) makes the
photo-generated electrons easier to be transported from dye to
TiO; instead of recombining with holes in the valence band,
which leads to effective electron-hole separation.

3 Conclusions

We have successfully designed and implemented a new
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Y>05:Eu’*/Eu/Y-BTC host-guest luminous material system based
on the confinement effect and antenna effect, where Eu/Y-BTC
was prepared by the solvothermal method under moderate
conditions first, and then the transformation of Eu/Y-BTC into
Y,05:Eu*/Eu/Y-BTC and Y,Os:Eu* was achieved by calcination
of Eu/Y-BTC at different temperatures. The morphology of
the sample gradually changed with increasing the calcination
temperature. The microrod-shaped Eu/Y-BTC changed into
Y20s:Eu**/(Eu/Y-BTC) composites with intermediate pores,
and then the frame was completely collapsed and Y.Os:Eu®*
nanoparticles were obtained. A series of test results proved
the confinement effects and lattice distortion of ultrasmall
Y20s:Eu®* nanocrystals inside Eu/Y-BTC.

The luminescence intensity of Y>Os:Eu**/Eu/Y-BTC is higher
than those of Y,Os:Eu®*, which is also reflected in decreased
values of Q, from 4.49 x 10 cm? for Y,Os:Eu’*/Eu/Y-BTC to
1.14 x 107 cm? for Y,Os:Eu**. Compared with conventional
Y.Os:Eu*, the total absorption band of Eu/Y-BTC and Y,OsEu®/
(Eu/Y-BTC) composites was significantly red-shifted, indicating
these materials can absorb near-UV light emitted from III-nitride
LEDs and emit red light. Thus, this type of material has the
potential to be used in white LEDs to obtain high efficient
white light emission. We have achieved excellent color quality
(CRI>90) and extremely high vision performance of white
light (an LER of 335 Im/W) by using Y.Os:Eu’*/(Eu/Y-BTC)
composites as the red component in white LEDs. In addition,
the large specific surface area of frame materials obtained
in this work could also increase the adsorption of dye and
improve the light-trapping ability in DSSCs. More importantly,
the conduction band minimum of Y,Os:Eu**/(Eu/Y-BTC) is
in-between that of TiO, and Dye, which makes the electron
transfer from Dye to TiO» much easier. Our results show
that by compounding Y>Os:Eu**/(Eu/Y-BTC) composites with
TiO,, the DSSC device performance has been improved. Our
findings might lead to transformational applications of Y>Os:Eu**
in solid-state lighting and photovoltaic technology.
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