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ABSTRACT

Highly efficient light-emitting materials are essential for achieving high-performance devices. Here, a
novel composite system, as well as enhanced luminescence processes, was designed, where NaLn
(Mo0Qy4), ultra-small nucleus can be effectively isolated by In(OH); to form NaLn(MoO,4),@In(OH); com-
posite nanoclusters due to the different nucleation rate between NaLn(MoO,), and In(OH);, and then
these small composite clusters gradually self-assemble into hierarchical structures. As we expected,
the enhanced luminescence was achieved from hierarchical NaLn(MoOQ,4), nanostructures with adjusting
the distance among NaLn(MoO,), ultra-small nucleus by inserting In(OH);. A series of spectroscopy
results show that the In(OH); not only acts as an energy transfer bridge from CTB Eu** — 02 (or
MoO3~ absorption) to Eu®*, but also can effectively alleviate the concentration quenching of Ln>* and
change the J-O parameters. The Raman peak at 134 cm™! is helpful to populate the ®Dg level of Eu* or
the excited states of Er’*, resulting in stronger up/down-conversion emissions. The use of NaLn
(Mo004),@In(OH); in white light-emitting diodes (LEDs) has been demonstrated. The combination of
red emission from NaLn(MoO,),@In(OH); with blue, green, and yellow emission from halide perovskites
could achieve white light with excellent vision performance (an LER of 376 Im/W) and superior color
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quality (CRI > 92). The findings of this experiment provide a new idea for the design of composite inter-

face materials.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Lanthanide-doped fluorescent nanomaterials have drawn
extensive attention because they possess unique optical properties
including narrow emission bandwidth, large Stokes shift, high
resistance to optical blinking, superior high-to-low energy photon
conversion efficiency and vice versa [1-11]. Thus, they have shown
a great deal of interest for their potential applications in various
fields such as sensing, imaging, lighting, photocatalysis, and dis-
play [12-26]. One of the most typical ones is the multicolor
dual-mode luminescence and strong upconverting and downshift-
ing emissions of core@multi-shell lanthanide-doped nanomaterials
for complex information storage by precisely controlling the distri-
bution of lanthanide elements in the core and distinct shell layers.
It is of great significance in the fields of advanced anti-
counterfeiting and solid-state lighting [27]. Nevertheless, one
noteworthy roadblock still exists: most of the up-conversion (UC)
and down-conversion (DC) luminescence nanomaterials fell
through producing superior luminescence efficiency, which
immensely limits the practical application in various fields. For
example, owing to the lower emission signal, penetration depth
in biomarkers and bioimaging will be severely limited [28-32].
Therefore, to solve such practical problems and fully realize their
potentials, it is imperative to study more efficient lanthanide-
doped luminescent materials [33-35].

As regards the practical applications based on UC or DC lumi-
nescence, enhancing the luminescence intensity has become a
research focus [36-38]. Studies have shown that UC nanomaterials
often have low-emission efficiency resulted from structural
defects, higher phonon energy, small absorption cross-sections of
activator ions, and parity-forbidden transition of rare-earth ions.
Therefore, overcoming the above limitation has become the main
work of researchers. Typically, Song et al. achieved 144-fold UCL
improvement of Cs,WO5/NaYF4/NaYF,: Yb>*, Er** hybrid by con-
structing a core-shell structure and using plasma semiconductors
[39]. Until now, various methods have been employed to improve
luminescence efficiency of nanomaterials including adjusting
matrix and doping ions, surface modification by using core-shell
structures, metal surface Plasmon resonance (SPR) enhancement,
co-doping transition metal ions with lanthanide ions, introducing
the synergistic sensitizers to reduce the thermal effect, and syner-
gistic effect of organic dyes and UCNPs [40-45]. Among them, sur-
face modification is considered to be one of the most effective
methods [46,47]. Most importantly, the enhancement of lumines-
cence intensity by surface modification using hydroxide as a sur-
face shell has never been reported.

It is well known that the physical and chemical properties of
materials strongly depend on the microstructure of materials.
Although the traditional step-by-step synthesis method for the
composites can modify the surface of the core material to a certain
extent, it cannot effectively adjust the microstructure of the core
material. In this work, we designed a novel composite system as
well as a new energy transfer (ET) and enhanced luminescence
processes, as shown in Scheme 1. By using this novel design,
NaLn(MoOQ,), ultra-small nucleus can be effectively isolated by In
(OH)3 to form NaLn(Mo00O4),@In(OH)s; composite nanoclusters due
to the different nucleation rate between NaLn(MoO,), and In
(OH)s, and then these small composite clusters gradually self-
assemble into hierarchical structures. The enhanced UC/DC lumi-
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nescence of hierarchical NaLn(MoO,4), nanostructures was
achieved with adjusting nanocluster distance by inserting In
(OH)3 among NaLn(Mo004),@In(OH)s; composite nanoclusters. The
mechanisms for the experimentally observed enhancement in
UC/DC luminescence were clarified and we were able to ade-
quately illustrate the effect of the spatial relationships between
NaLn(MoOg4), and In(OH)3 on the UC/DC emissions with a particu-
lar condition. To explore the potential applications of NaLn
(M004),@In(OH)3 in white light-emitting diodes (LEDs), red emis-
sion from Eu-NaY(MoO,4),@In(OH); was combined with blue,
green, and yellow emission from perovskites to obtain white light.
The white light with superior color quality and excellent vision
performance was obtained. As more excellent multicolor fluores-
cent materials, NaLn(Mo00O,),@In(OH); hybrid nanostructures have
shown broader application prospects in the fields of fluorescent
probes, laser dyes, and LED devices.

2. Materials and methods

The chemicals used in
information.

Synthesis of NaLn(MoO,),. 1.2 g NaOH was dissolved in 4 mL
deionized water, and subsequently, the solution was mixed with
ethanol (8 mL) and OA (24 mL) under constant stirring. Afterward,
Ln(NOs); (Ln = Yb/Er, Eu and Tb (0.5 mol/L)) and Na;MoO,4 (1 mol/
L) aqueous solutions were dropped into the above mixture and
stirred for 40 min. The colloidal solution was hydrotreated at
180 °C for 24 h. After the systems are cooled down, the products
were obtained employing centrifugation and washed three times.

Synthesis of NaLn(MoO,4),@In(OH);. Similarly, Ln(NO3)s
(Ln = Yb/Er, Eu and Tb (0.5 mol/L)) and Na,MoO4 (1 mol/L) aqueous
solutions were dropped into the mixture of NaOH, deionized water,
ethanol and oleic acid with continuous stirring. After stirring for
10 min, the equimolar ratio of In(NOs)3 (0.5 mol/L) to NaOH mixed
aqueous solution was dropped into the above system and stirred
for about 40 min. The colloidal solution was hydrotreated at differ-
ent temperatures (160, 180, and 200 °C) and time (12, 18, 24, and
30 h). The other experimental steps are the same as above. The
molar ratio of the reaction materials is shown in Table S1 and S2.

Characterization details and spectral optimization of white light
from NaLn(MoO,4),@In(OH); hybrid nanostructures are shown in
the supporting information.

in this experiment supporting

3. Results and discussion
3.1. Design scheme of overall work

As mentioned above, to modify the surface and interior of the
NaLn(MoO4), material at the same time, to obtain new NaLn
(Mo00,4),@In(OH)3; composites with excellent physical and chemical
properties, we boldly designed a one-step synthesis strategy by
controlling the nucleation rate of different materials, as shown in
Scheme 1. NaLn(MoQy), nanocrystals nucleate first, and then In
(OH); grows on the surface of NaLn(MoO,), cores, because of the
different nucleation rate between NaLn(MoO,), and In(OH)s. With
increasing reaction time, the ultra-small NaLn(MoO,),@In(OH);
nanoparticles gradually self-assemble into nanochips, and then
further self-assemble into hierarchical structures, which will be
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Scheme 1. NaLn(MoO,), nanoclusters can be effectively isolated by In(OH); to form NaLn(MoO,),@In(OH); nanoclusters, and then the ultra-small clusters gradually self-

assemble into hierarchical structures.

proved and discussed in detail later. And thus, the distance among
clusters can be adjusted by adjusting the initial content of In
(NOs)s.

As we predicted, the enhanced luminescence was achieved
from hierarchical NaLn(MoO4), nanostructures with adjusting
NaLn(MoO4), nanocluster distance by inserting In(OH)s;, which
were synthesized by a simple one-pot hydrothermal method based
on self-assembly of two-dimensional nanosheets, which will be
described and discussed later in detail.

3.2. Morphology and structure analysis

The morphology, size, and crystal phase purity of the prepared
hybrid nanostructures are discussed in detail below depending on
conditions including reaction temperature and time, reactant con-
centration, and solvent volume ratio.

The detailed synthesis information, sample abbreviation, and
CIE chromaticity coordinates are listed in Table S1 in the Electronic
Supplementary Information (ESI). First, the effects of the solvent
volume ratio on the size, morphology, and crystal structure of
the as-prepared hybrid nanostructures have been studied by
changing the volume ratio of ethanol to oleic acid. Fig. 1 shows
SEM (a) and TEM (b) images of NYME(I)@In-8 synthesized at
180 °C. It shows the morphology of nanoflowers consisting of
two-dimensional nanosheets of approximately 800 nm in the lat-
eral dimension for using ethanol and oleic acid volume of 8 mL
and 24 mL, respectively. Interestingly, when the volume of ethanol
and oleic acid was changed to 6 mL and 24 mL, respectively, the
morphology of the samples changed significantly. The SEM
(Fig. 1c) and TEM (Fig. 1d) images indicate that the morphology
of NYME(II)@In-8 is the square nano-sandwiches-plus structure
of approximately 400 nm in the lateral dimension. The experimen-
tal results indicated that the solvent volume ratio affects morphol-
ogy and size. However, the XRD patterns (Fig. S1) confirmed that
the crystal structure is unaffected by the morphology of the sam-
ples. The HRTEM images show that the two-phase materials are
cross distributed in the material, which further proves that the
composite began to form at the nucleation stage, and then formed
a flower-like hierarchical structure through self-assembly (Fig. 1e).
Moreover, the two-dimensional element-mapping images of NYME
(D@In-8 (Fig. 1f) illustrate that all elements are uniformly dis-
tributed in the prepared samples. In addition, Fig. S2 and Fig. S3
show the SEM element-mapping images of NYME(II) and NYME
(IN@In-9 respectively, showing a very uniform distribution for all
elements.
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The influence of hydrothermal temperature and time have been
studied for lanthanide-doped nanocrystals in this work and see the
supplementary information for a detailed discussion (Fig. S(4-6)).
Noteworthily, it can be seen from the corresponding XRD patterns
(Fig. S7) that too short time is not conducive to the formation of In
(OH)s, indicating that the nucleation rate of NaLn(MoO,), cores is
relatively faster compared to that of In(OH)s. The diffraction peaks
become narrower with increasing hydrothermal time, indicating
the increased crystallinity and size with time, which is consistent
with the SEM results. See the supplementary information for the
effect of hydrothermal time on NYME(I)@In-8 (Fig. S8).

The XRD patterns of NEM(I), NEM(I)@In-9, NYME(I), NYME(I)
@In-8 are shown in Fig. 1g. Note that the coating of In(OH); did
not cause the shift of diffraction peaks from NaLn(MoQ,),. Interest-
ingly, the XRD patterns of NaLn(MoO,),@In(OH); become nar-
rower gradually compared with those of NaLn(MoO,),, proving
that NaLn(MoO,), ultra-small nucleus can be effectively isolated
by In(OH); to form NaLn(MoO,),@In(OH); composite nanoclusters
(Fig. 1g). Thermogravimetric analysis (TGA) was used to evaluate
the stability of as-synthesized samples (Fig. S9). The as-
synthesized samples exhibit excellent thermal stability in the
range of 40 °C to 800 °C. When the temperature is 150 °C, the trace
weight loss of the samples is mainly due to the evaporation of the
adsorbed water. Only when the temperature exceeds 640 °C, In
(OH)3 surface molecules are dehydrated and transforms into oxi-
des, which leads to a slightly larger weight loss of NEM(I)@In-9
than NEM(I). Thus, NEM(I)@In-9 shows excellent thermal stability.
Such high thermal decomposition temperature makes the NEM(I)
@In-9 suitable for white LED applications.

Fourier transform infrared (FT-IR) spectroscopy measurement
was carried out to determine the functional groups on the surface
of the samples, which give supporting proof for the successful fab-
rication of the samples. As shown in Fig. S10, broadband at
~3420 cm ™! is observed for all four samples, which could be asso-
ciated with the O—H stretching vibration. The peak at 2450 cm™! is
attributed to the stretching vibration of residual carboxylate ions
on the surface of the samples. The characteristic peaks of NaLn
(MoO,), appear at 911 and 780 cm™!, which are caused by the
asymmetric and symmetric stretching vibrations of the Mo=0
and Mo—oO, respectively. What’s more, the characteristic peak aris-
ing from the Mo—O—Mo stretching vibrations appears at 699 nm.
The additional peak at 1154 cm™! for In(OH); coated NaLn(Mo0O,),
is associated with the deformation vibrations of the In — OH bond.
Thus, we have successfully obtained the NaLn(MoO,),@In(OH);
hybrid nanostructures.
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Fig. 1. (a) SEM and (b) TEM images of NYME(I)@In-8 prepared at 180 °C for 24 h. (c¢) SEM and (d)TEM images of NYME(II)@In-8 prepared at 180 °C for 24 h. (e) HRTEM images
of NYME(I)@In-8 prepared at 180 °C for 24 h. (f) the elemental mapping images of Na, Mo, In, Yb, and Er in NYME(I)@In-8. (g) XRD patterns of (1) NEM(I), (2) NEM(I)@In-9, (3)
NYME(I), and (4) NYME(I)@In-8. (h) UV-vis absorption spectra of In(OH);, NYME(I), NYME(I)@In-4, NYME(I)@In-8. (i) EDS spectra of NYME(I)@In-8.

Fig. 1h shows the UV-vis absorption spectra of In(OH)3, NYME
(I), NYME(I)@In-4, and NYME(I)@In-8. The strong absorption of
NYME(I) at less than 400 nm indicates that the range of absorption
light is principally in the ultraviolet (UV) region. The distinct
absorption peaks at 378, 521, and 657 nm are mainly caused by
rare-earth ions. The intensity of the absorption peaks also
increased greatly. As the surface of the samples is compounded
with In(OH)s, the absorption peaks move toward the visible light
region. The ultraviolet absorption edge of In(OH); exhibits an obvi-
ous redshift, which is greatly affected by the synthesis conditions.
Our experimental results are consistent with those previously
reported [48]. Fig. S11 shows near-infrared absorption spectra of
In(OH);, NYME(I), and NYME(I)@In-8. The absorption peak inten-
sity of NYME(I)@In-8 at 980 nm is significantly enhanced com-
pared to NYME(I). This will promote the material to absorb the
light more efficiently, thereby enhancing its luminous intensity.
In short, the compounding In(OH); resulted in enhanced absorp-
tion and emission, which in turn proves that the samples are suc-
cessfully compounded by In(OH)s.

The EDX spectrum of the hybrid nanostructures is shown in
Fig. 1i, which indicates that Na, Mo, O, Yb, Er, and In are all present
in NYME(I)@In-8 sample. This further proves that the NYME(I)@In-
8 hybrid nanostructures had been successfully obtained. The EDX
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analysis on the NYME(II) (Fig. S12) shows that NYME(II) consists
of elements of Na, Mo, O, Yb, and Er.

Raman scattering measurements were carried out on NYME(I)
@In-8 nanostructures to elucidate the structural characteristics
and interaction between NaYb(MoO,), and In(OH)s. Four main
scattering peaks are present in the range of 100-1100 cm™! as
shown in Fig. S13. The peak at 134 cm™! is related to In —OH,
which is originated from the bending vibration of the In(OH); octa-
hedron [49]. It is noted that the luminescence intensity of the sam-
ple is related to the process of nonradiative relaxation, phonon-
assisted energy transfer, and so on. All these processes are related
to the phonon energy, and thus, the additional phonon mode of In
(OH)s is helpful to enhance the luminescence intensity of the sam-
ples, which will be discussed in detail later. The Raman shifts at
325 and 400 cm! resulted from the twofold degenerate E, sym-
metric bending mode and the F,, asymmetric bending mode of
the MoO, units, respectively. The high-frequency Raman shift at
879 cm™! is specified as the symmetric Aqg stretching mode of
the MoO, units. A superimposed peak at 831 cm™~! caused by the
F,¢ asymmetric stretching mode is also detected [50].

The XPS survey spectrum revealed that the tested sample was
composed of Na, Mo, O, In, Yb, Er, and adventitious carbon
(Fig. S14). The XPS survey spectrum of NEM(I)@In-9 is shown in
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Fig. S15, which evidences the existence of Na, Mo, O, In, and Eu ele-
ments. The presence of the C element is due to surface contamina-
tion. See the supplementary information for more detailed
discussions (Fig. S16 and Fig. S17). It could be calculated that the
valence-band edge positions of the NYME(I)@In-8 and NEM(I)
@In-9 are approximately 2.20 eV and 2.01 eV, respectively (Fig
$18). It is noted that the results of the EDS spectrum indicated that
the In3*/Ln®" molar ratio of NYME(I)@In-8 is 0.11. However, the
results of the XPS spectrum indicated that the In>*/Ln3* molar ratio
of NYME(I)@In-8 is 0.16. It is well known that the detection depth
of EDS test technology is deeper than that of XPS test technology.
The results mentioned above indicates that the content of In on
the surface is higher than that in the body. Thus, NaLn(Mo0O,); is
the cores and In(OH)3 is the shells in NaLn(MoO,),@In(OH); com-
posites, which is consistent with the assumed growth mechanism.
The element analysis of NYME(I)@In-8 was performed to analyze
the element content more accurately by ICP-OES and CHNSO tech-
nique. The result was listed in Table S4 that the element content of
Na, Mo, Yb, Er, and In are 2.60, 4,27, 1.38, 0.19, and 0.48 mol/Kg,
respectively.

3.3. Luminescence properties

Na,Mo0, is a material with lower phonon energy, thus it can
serve as an efficient host lattice for the DC luminescence process.
Fig. S19a presents the photographs of as-prepared NaLn(MoQ,),@-
In-9 (Ln = Eu, Th, and Eu/Tb) samples synthesized with different
Eu?*/Tb*" molar ratios and different emission colors were observed
by tuning of Eu®*/Tb®" molar ratios. Specifically, we obtained red,
orange, yellow, and green emission by simply adjusting the Eu®*/
Tb3* molar ratios to 8:0, 5:3, 3:5, and 0:8, respectively. The emis-
sion spectra of four typical samples excited by 290-nm light are
shown in Fig. S19b. It can be seen from the graph that the samples
yield the characteristic emissions of Tb>* ions at 494, 549, 587, and
622 nm, which correspond to the Tb>* transition of °Dy - "Fg, °Dy4 -
7Fs, °Dy4 - "F4, and Dy - “F3, respectively. Similarly, the typical Eu®*
emission peaks at 596, 619, 658, and 707 nm were also observed,
and these peaks are assigned to the ®Dq - “Fy, °Dg - “Fa, °Dg - ’F3,
and °Dg - ’F, transitions of Eu®" ions, respectively.

Next, we studied the influence of In(OH); on the fluorescence
properties of NEM(I)@In-x (x = 6, 9, and 12) with different molar
amounts of In(OH)s. Fig. 2a shows the room-temperature excita-
tion and emission spectra of NEM(I)@In-x (x = 6, 9, and 12). The
excitation spectra consist of broadband and several sharp excita-
tion peaks. The broad excitation band in the region between
220 nm and 350 nm is attributed to the overlap of MoO3~ absorp-
tion and CTB Eu®*— 0?~. Compared to NEM(I), the location of the
excitation peak red-shift first, and then reverse, which will be dis-
cussed later in detail. The sharp excitation peaks are caused by the
f-f transition of Eu ions.

Fig. 2a also shows the emission spectra of the NEM(I) with dif-
ferent molar amounts of In(OH); under 467-nm light excitation.
The emission peaks are assigned to the following transitions: >Dg
- "F; (~596 nm), °Dg - “F, (~619 nm), °Dy - “F3 (~658 nm), and
5Dg - "F4 (~708 nm). Among them, the emission peak at 619 nm
(°Dg - “F,) is the strongest. The strongest emission was observed
from NEM(I)@In-9. We suggested that the Raman peaks
(Fig. S13) related to In — OH are helpful to the process of non-
radiative relaxation from the charge transfer band (CTB) Eu*—
02~ to °Dy level, which plays a vital role in populating °D, level
of Eu®* jons. Thus, the luminescence intensity of the sample was
enhanced by coupling In(OH);. In addition, the J-O parameters
[51] were calculated from the emission spectra of different sam-
ples as shown in Table 1. It is well known that the values of Q,
are related to the symmetry around Eu®' ions, which directly
affects the intensity of the °Dg - ’F, emission peak. The results indi-
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cated that the symmetry around Eu** ions in NEM@In-9 is the low-
est, resulting in the strongest emission peaks. In addition, In(OH);
can enhance both charge transfer transition between Eu* and 0%~
and MoO3~ absorption, which are also factors leading to enhanced
fluorescence.

Meanwhile, the emission spectra of NEM(I)@In-9 with different
excitation wavelengths are shown in Fig. 2b. The CIE chromaticity
coordinates of NEM(I)@In-9 was calculated to be (0.612, 0.311)
(Fig. 2b). As a high-quality red-emitting fluorescent material, the
sample shows great advantages in the field of LED devices. In addi-
tion, the temperature-dependent excitation and emission spectra
of NEM(I)@In-9 were studied and the corresponding spectra are
shown in Fig. S20. The results show that the temperature has little
effect on the luminous intensity, therefore, the NEM(I)@In-9 is
suitable for white LED applications. In order to study the DC lumi-
nescence properties of Eu*>" in the Na,MoO4@In(OH); host, the
excitation and emission spectra of hybrid nanostructures with dif-
ferent Eu®* concentrations are recorded and shown in Fig. S21.
Upon gradually increasing Eu*>* amounts from 0.01 to 0.08 mmol,
the fluorescence of samples was increased dramatically. Further
increasing amounts from 0.08 to 0.2 mmol, the PL intensity
quenched significantly, revealing the concentration quenching fea-
ture. The emission was strongest when the Eu®* amount was
0.08 mmol.

As shown in Scheme 2, we assumed that the enhanced lumines-
cence of NEM(I)@In-9 can be caused by the introduction of In(OH)3
energy transfer (ET) bridge. In order to further study the existence
of the energy transfer (ET) bridge from charge transfer band (CTB)
Eu®"— 02~ (or the energy level caused by MoO3~ absorption) to
Eu®* ions, the excitation bands of NEM and NEM(I)@In-x (x = 6,
9, and 12) in the range of 220-350 nm were fitted with two or
three Gaussian curves, respectively. The excitation band of NEM
can be fitted with two Gaussian curves (Fig. 2c), while the excita-
tion bands of NEM(I)@In-x (x = 6, 9, and 12) can be fitted with
three Gaussian curves (Fig. 2(d-f)). For the excitation band of
NEM, the two fitted peaks at 283 and 309 nm are attributed to
the CTB Eu*— 0% and MoO3~ absorption, respectively. For the
excitation band NEM(I)@In-x, the third fitted peak at 327 nm is
attributed to the absorption of In(OH)s, and the peak intensity ratio
of In(OH)3/CTB increases with increasing the molar amounts of In
(OH)3. However, with increasing the molar amounts of In(OH)s,
the peak intensity ratio MoOZ /CTB increases first and then
decreases. When the In(OH); content is low, the In(OH); tends to
be the ET bridge from MoO3~ to Eu®* ions because the position of
the energy level caused by MoO3~ absorption is close to that of
Eu®* excited states. When the In(OH); content is high enough,
the ET bridge function from CTB to Eu®* ions becomes efficient.
And thus, compared to NEM(I), the location of the total excitation
peak after superposition red-shift first, and then reverse. In addi-
tion, the CTB Eu>*— 02~ of NEM(I)@In-x show blue-shift compared
to NEM(I), indicating that the particle size of internal NaLn(MoO,),
in NEM(I)@In-x is smaller than that in NEM(I). This further proves
that NaLn(MoO,), nanoclusters can be effectively isolated by In
(OH)3 to form clusters, and then the ultra-small NaLn(MoQ,),@In
(OH)s5 clusters gradually self-assemble into hierarchical structures.
Thus, the NaEu(MoO,),@In(OH); can be excited by the UV-blue
light and emit green, yellow, orange, and red light, which could
be used in Ill-nitride based white LEDs to achieve low-cost and
high color quality white light emission.

It is an effective way to improve the luminescence quantum
efficiency by suppressing the non-radiative transition and increas-
ing the fluorescence lifetime of the metastable energy level of rare-
earth ions. Thus, the fluorescence decay curves of the NEM(I) and
NEM(I)@In-x (x = 6,9, 12) under 295 nm excitation were measured
as shown in Fig. S22. The decay curves were fitted with a double
exponential function and the average fluorescence lifetimes of
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Table 1
The calculated J-O parameters from the emission spectra of different samples
(Fig. 2a).

Samples Q, (x1072° cm?) Q4 (x1072° cm?)
NEM(I) 4.93 227
NEM(I)@In-6 5.73 1.60
NEM(I)@In-9 8.38 1.90
NEM(I)@In-12 7.64 1.76

NEM(I), NEM(I)@In-6, NEM(I)@In-9, and NEM(I)@In-12 were calcu-
lated to be 23.282, 29.153, 52.658, and 46.684 s, respectively.
Therefore, the fluorescence lifetime results can show that an
appropriate amount of In(OH)s can effectively increase the lifetime
as well as improve the luminescence quantum efficiency of NaLn
(Mo00y),, which is consistent with the down-conversion spectra.
Subsequently, UC luminescence properties of the as-
synthesized NYME@In(OH )3 hybrid nanostructures have also been
investigated upon excitation by a 980-nm laser light, which dis-
plays the characteristic emission peaks of Er** ions (Fig. 3a). The
spectra of the different hybrid nanostructures demonstrate two
emission bands, which could be attributed to 2Hyyj - 152, S3p2
- 152, and “Fgp, - *; 5 transitions of Er**, Interestingly, upon grad-
ually increasing molar amounts of In(OH); from 0 to 0.8 mmol, the
UC emission intensity was effectively enhanced, but further
increasing the molar amounts to 1.2 mmol, the fluorescence of
hybrid nanostructures was significantly quenched. In addition,
the UC luminescence intensity of NYME(I)@In-8 hybrid nanostruc-
tures was enhanced nearly six times compared with NYME(I).
More importantly, when NYME(I) was combined with In(OH)s,
transitions from the *Gyyj; (384 nm) and *Hg; (411 nm) levels to
the ground state of the Er** (4115/2) were observed. The enhanced
UC luminescence of NYME@In(OH); hybrid nanostructures can be
related to the Raman peak signal at 134 cm~! originated from In
—OH and the J-O parameters. It is well known that the excited
states of Er>* were populated by phonon-assisted energy transfer
processes. Thus, the Raman peak signal at 134 cm™! related to In
—OH is helpful to populate the excited states of Er**, resulting in
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stronger UC or DC emissions. On the other hand, the values of
the J-O parameters also affect the intensity of the emission peaks
of Er** ions. The UC emission spectra of NYME(I)@In-8 under
980-nm light excitation with different power densities are shown
in Fig. 3b. The luminescence intensity of UC hybrid nanostructures
could be also adjusted by changing the doping amounts of the Er>*
(Fig. 3c). As shown in Fig. S23, the influence of different tempera-
tures on the UC luminescence of NYME (I) @ In-8 was studied. It
can be seen from the illustration that the temperature has little
effect on the luminous intensity. The CIE chromaticity coordinates
of NYME(I)@In-8 were calculated to be (0.208, 0.755), as shown in
Fig. S24. For comparison, the CIE chromaticity coordinates of all the
samples were calculated, as shown in Table S1 and S2 in the ESI. In
addition, the fluorescence intensity pump power dependence of
NYME(I) (Fig. 3d) and NYME(I)@In-8 (Fig. 3e) was analyzed. The
corresponding n values of the ?Hy1jz - *lisj, 4S3j2 - *lis/2 and “Fg,
- %5y, transitions of Er** from NYME(I)@In-8 are 2.05, 1.39, and
1.44, which explains that the 2H11/2 - 4115/2 transitions may relate
a three-photon process and the others (*Szj, - *I;s;; and “F; -
4115/2) are two-photon processes, as illustrated in Fig. 3e. The pro-
posed energy transfer mechanism for the NYME@In(OH); hybrid
nanostructures is illustrated in Fig. 3f.

3.4. Potential applications in white LEDs

The bright green, yellow, orange, and red emission obtained
from NaLn(MoOQ,),@In(OH); could solve the issues challenging in
the current generation white light-emitting diodes (LEDs). The
current-generation white LEDs are typically obtained by coating
a layer of yellow-emitting YAG: Ce®" phosphors on the blue LED
chips [52]. The high correlated color temperature (CCT) and low
color rendering index (CRI) of white light due to the lack of red
emission is not suitable for indoor lighting applications [53].
Recently, metal halide perovskites have been used to replace the
yellow phosphors to achieve high-quality white light emission
[54-57]. However, the red emission is obtained by using an I-
based perovskites, which is hard to obtain and is easily decom-
posed in a very short time. Thus, in this work, the red emission
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illustration of the energy level and corresponding transitions.

from NaLn(MoO,4),@In(OH); was combined with blue emission
from CsZng 15Pbg g5(Clo.5Brg5)3, green emission from CsZng 15Pbg gs-
Brs, and yellow emission from CsZng;5Pbggs(Brgslgs)s to achieve
the white light emission. The schematic white LED device structure

and emission spectra are shown in Fig. S25. We performed a sys-
tematic study on the effect of NaLn(MoO,4),@In(OH); on color qual-
ity, vision performance, and heath effect of white light. By tuning
the ratios of four different emissions, white light with superior
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color quality, excellent vision performance, and dynamically adjus-
table CAF has been achieved. We have obtained the maximum LER
of 376 Im/W through adjusting the power ratios of four different
emissions to 1:1.8:1.9:4.1. Note that LER was calculated by using
the following equation:

780

LER(Im/W) = 683(Im/W
(Im/ (Im/W) S ()7

(1)

where the V(2)is the luminous efficiency function (see the support-
ing information Fig. S26). The LER only depends on spectral power
distributions (SPDs) S;i(4) and does not depends on the electrical
properties of materials. Thus, the optimum LER can be obtained
by engineering the spectral power distributions of white light.
The luminous efficacy (LE) not only depends on the SPD but also
depends on the electrical properties of materials. Therefore, LE is
lower than LER. We achieved excellent LER by tuning the ratios of
four different emissions. The corresponding CCT is 2989, which is
warm white (see LED-A in Table 2). As a comparison, the use of
red-emitting perovskites can only achieve the maximum LER of
318 Im/W [58]. Thus, the use of NaLn(MoO,),@In(OH); can achieve
significantly high LER, and white light with excellent vision perfor-
mance could be achieved. Furthermore, the white light with CCT of
5606 and CIE coordinates of (0.33, 0.34) has also been obtained,
which is very close to the neutral white light. As a comparison,
CIE coordinates of the standard neutral white light is (0.33, 0.33).
We have also obtained white light with tunable CCT from warm
white (CCT ~ 2989 K) to cold white (CCT ~ 9903 K) by engineering
the power ratios of four different emissions and color characteris-
tics of selected LEDs are shown in Table 2.
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The corresponding spectral power distributions are shown in
Fig. 4a and CIE coordinates of these LEDs are presented in Fig. 4b.
Note that CRI is a parameter to evaluate the similarity of the light
source colors compared to the blackbody source. It is primarily
determined by the spectral power distributions of the light source.
Thus, in this work, we engineered the spectral power distributions
(SPD) of white light by tuning the ratios of four different emissions
to achieve the extremely high CRI (up to 92.6). Based on the LED
color characteristic datasheet published by the US Department of
Energy (DOE), a light source with a CRI in the 90 s is excellent
for indoor lighting applications [59]. Therefore, white light with
excellent color quality has been achieved by combining NaLn
(Mo004),@In(OH); with perovskite nanocrystals. The value of CRI
was obtained by comparing the SPD of the light source with the
blackbody radiation. The highest CRI which can be achieved is
100 when the SPD of the light source is the same as blackbody radi-
ation. The value of LER was obtained by comparing the SPD of the
light source with a luminous efficacy function. The maximum LER
which can be achieved is 683 Im/W when the SPD of the light
source is the same as the luminous efficacy function. Although
both the CRI and LER were determined by the spectral power dis-
tributions (SPDs) of white light emission, there is a tradeoff
between CRI and LER. We cannot obtain extra high CRI and LER
at the same time. The white LEDs we obtained also have extremely
small Dy, (0.0001-0.0009) compared to that of the fluorescence
lamp (0.005) [60]. Therefore, white light with superior color qual-
ity, excellent vision performance, and tunable CCT can be achieved
by combining NaLn(MoQ,4),@In(OH); with perovskite nanocrystals.
The color-temperature tunable white light obtained by using NaLn
(M004),@In(OH)3 as the components could lead to a variety of

Table 2

Color characteristics of selected LEDs with tunable CCT from warm to cool white.
LEDs Ratios (B:G:Y:R) CCT (K) Ra CIE x CIEy Duv LER (Im/W) CAF
LED-A 1:1.8:1.9:4.1 2989 90.4 0.44 0.41 0.0007 376 0.36
LED-B 1:1.3:1.1:1.9 4002 92.2 0.38 0.38 0.0001 358 0.55
LED-C 1:1.0:0.6:1.1 5606 90.8 0.33 0.34 0.0007 328 0.78
LED-D 1:0.7:0.5:0.5 9903 92.6 0.28 0.29 0.0009 299 1.10
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Fig. 4. (a) spectral power distribution of white light with various CCTs (2989-9903 K).
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(b) The chromaticity coordinates of white light in the CIE 1931 chromaticity diagram.

(c) CCT changes with the ratio of red emission. (d) CCT with different relative power ratios of blue and green to yellow and red emissions. (e) The LER changes with the
increase in the ratio of red emission. (f) LER as a function of ratios of blue and green emissions to yellow and red emissions. (g) CAF changes with power ratios of red emission.
(h) CAF as a function of ratios of the sum of blue and green emissions to the sum of yellow and red emissions. The color bar indicates the CRI with corresponding CCT. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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applications including indoor and outdoor lighting. The low-cost
and highly efficient white light emission with superior color qual-
ity will speed up the widespread adoption of white LED technology
in the general illumination market and result in significant energy
saving and budget-saving.

Furthermore, we also investigated the effect of NaLn(MoQ,),@-
In(OH); on the color quality, and vision performance, and health
effect of white light. By increasing the amount of NaLn(MoO,),@-
In(OH);, the CCT and CAF of white light could be decreased and
the LER could be increased as shown in Fig. 4(c, e, and g). The
CCT, LER, and CAF dependency on the ratio (R) of blue and green
emissions to yellow and red emissions are shown in Fig. 4(d, f,
and h). They can be well fitted using the following functions:

CCT(R) = 850 + 5400R — 2750R* + 1461R’ 1)
LER(R) = 404 — 61R (2)
CAF(R) = 1.87 — 5.3R + 4.54R> 3)

Thus, the LER linearly depends on the ratio of blue and green
emissions to the yellow and red emissions. This provides guideli-
nes for obtaining white light emission with excellent vision
performance.

4. Conclusion

In summary, we successfully designed and synthesized NaLn
(M004),@In(OH); hybrid nanostructures by a low-cost one-pot
hydrothermal method. A series of characterization results show
that NaLn(MoQ,), ultra-small nucleus can be effectively isolated
by In(OH); to form NaLn(MoO,),@In(OH)s composite nanoclusters
because of the different nucleation rate between NaLn(MoO,), and
In(OH)3, and then these small composite clusters gradually self-
assemble into hierarchical structures. This is also the first report
of the use of hydroxides to construct core-shell structures to
enhance luminescence intensity. The morphology of the hybrid
nanostructures can be engineered through the change of the sol-
vent ratio in the reaction system. UC/DC luminescence intensity
can be greatly enhanced by coating an appropriate amount of In
(OH); on NaLn(MoO,),. The use of In(OH); not only can increase
the light absorption capability but also change the environment
of Eu®* which reflected from the change of J-O parameters. The
coating of In(OH); resulted in the greater Q,, which directly con-
tributed to the stronger intensity of >Dy - ’F, emission peak of
Eu?* ions. The coating of In(OH); has also enhanced energy transfer
from the charge transfer band (CTB) (Eu**— 0?~) to Dy level or the
excited states of Er>* by phonon-assisted energy transfer processes
which were evidenced by the presence of Raman peak signal at
134 cm~! (In—OH). This resulted in stronger UC or DC emissions.
We also demonstrated that NaLn(MoQO,4),@In(OH); hybrid nanos-
tructures could be used in white LEDs to achieve white light with
excellent color quality and vision performance. Thus, NaLn
(M004),@In(OH)3 hybrid nanostructures developed in this work
are promising materials that can be used in bioimaging, light-
emitting diodes (LEDs), and solid-state lasers.
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