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In this work, we report an innovative route for the synthesis of rare-earth doped calcium molybdate (CaMoO,4)
nanophosphors by using high gravity rotating packed bed (RPB) technology and paraffin liquid as the solvent.
The significant intensified mass transfer and micromixing of reactants in the RPB reactor are benefiting for homo-
geneous doping of rare-earth ions in the host materials, leading to nanophosphors with high quantum efficiency.
The use of liquid paraffin as the solvent eliminates the safety risks associated with volatile organic compounds,
increasing the potential for clean production of nanophosphors. Under excitation of deep ultraviolet (DUV)
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Colloidal nanophosphors llght, the CaMo04:Na ™, Eu*>* nanophosphors exhibit red emission at Peak wavelengh of 615 nm and quantum
CaMoO, yield of up to 35.01%. The CaMoO4:Na™ Tb>* nanophosphors exhibit green emission at peak wavelength of
Process intensification 543 nm with quantum yield of up to 30.66%. The morphologies of the nanophosphors are tunable from nanofi-
High gravity technology bers through nanorods to nanodots and the possible mechanism of controlling the formation of different nano-

Green solvent structures is proposed on the basis of experimental results and theoretical analysis of mesoscience. These

nanophosphors are highly dispersible in organic solvents and utilized for fabricating fabrication of flexible, free-
standing luminescent films based on silicone resin. We also demonstrate the red LEDs consisting of the hybrid
films of CaMoO4:Na* Eu>* nanoparticles as color-converting phosphors and DUV LEDs as illuminators, offering

strong potential for future nanophosphors-basedsolid-state lighting systems.
© 2020 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.

All rights reserved.

1. Introduction

The rare-earth doped functional inorganic nanoparticles, which gen-
erally consist of inorganic crystalline hosts and rare-earth ions doped in
the lattice of the nanocrystals, have found many applications in biomed-
ical and energy related areas [1-4]. The unique light converting proper-
ties of doped rare-earth ions enable the nanoparticles to be
nanophosphors for optical bioimaging [5] and optoelectronic devices
[6,7]. Since the deep ultraviolet (DUV) light-emitting diodes (LEDs)
are in demand for a wide variety of area including sterilization, water
purification and biomedical applications in recent years, the develop-
ment of nanophosphors that can be efficiently excited in the DUV
range has been a hot topic [8,9]. After trial treatment and using the ap-
propriate methods, the nanophosphors can be processed into transpar-
ent plastics composites with high polymer material, utilized for lighting
and flexible display devices based on DUV LEDs [10,11].
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The rare-earth activated calcium molybdate (CaMoO,)
nanophosphors are among the most promising candidates for green
and red emitting phosphors, due to their good chemical stability and ex-
cellent fluorescence characteristics under DUV light excitation [12-16].
To date, various synthesis routes have been adopted to control the
shape and improve the properties of rare earth doped CaMoO, phos-
phors, including auto-combustion [17], microwave synthesis [18], and
hydrothermal treatment followed by annealing [19-21]. Nevertheless,
most of the synthetic routes require high temperature (>700 °C) treat-
ment, resulting in the aggregates of particles. The fabrication of free-
standing luminescent films based on CaMoO, colloidal nanophosphors
is challenging. Recently, Ding etal. [22] developed the synthesis ap-
proach to RE3*(RE = Eu, Sm, Dy, Th)-doped CaMoOy via the supersatu-
rated recrystallization method by using dimethylformamide (DMF) as
the solvent, while using oleylamine and oleic acid as the surface ligands.
The obtained nanophosphors exhibited fiber morphologies with the
length ranging from 40 to 70 nm and width of 2 nm, showing strong lu-
minescence without any post-thermal treatments [22]. The supersatu-
rated recrystallization method offers the potential for large-scale
production of CaMoO,4 based colloidal nanophosphors. Although DMF
has been one of the common solvents used in the industry, it is easily
absorbed through the skin and by inhalation and ingestion. The
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wastewater containing DMF shows low biodegradability, high toxicity
and stability, which is harm to human health and environment. As the
green chemistry concept is growing rapidly, the issues related to the sol-
vent selection need consideration at the early stage of the study [23,24].
Green synthesis of nanophosphors requires reducing the use of prod-
ucts from raw materials to final disposal of the entire life cycle of the ad-
verse effects. Along with others, we have developed the synthesis of
semiconductor quantum dots and lanthanide-dopedrare-earth fluo-
rides by using ecofriendly liquid paraffin as the solvent [25-27]. Com-
pared with commonly used organic solvents such as DMF, toluene and
octadecene, the liquid paraffin is greener and more sustainable choice
as the solvent for chemical synthesis. However, the synthesis of
nanophosphors is a complex combination of a series of unit operations
such as mixing of the reactants, formation of particles and separation
of products. To obtain nanophophors with controllable morphologies
and uniform size distributions, particular attention should be paid to
the mixing of the reactants and precipitation rate difference of various
ions [28,29].

In this work, we develop an innovative route for the synthesis of
CaMoO4:Nat Eu®>™ and CaMoO4: Na™ Tb®>* nanophosphors via by
using high gravity rotating packed bed (RPB) technology and paraffin
liquid as the solvent. The morphology, structure and optical properties
of the nanophosphors are investigated by transmission electron micro-
scope (TEM), powder X-ray diffraction (XRD), Fourier transform infra-
red (FTIR) spectrophotometry, thermogravimetric analysis (TGA),
luminescence spectra and luminescent quantum yield measurements.
The possible mechanism of the formation of different nanostructures
is proposed. The preliminary applications of the nanophosphors for
freestanding luminescent films and LED devices are demonstrated.

2. Experimental
2.1. Materials

Calcium nitrate (Ca(NOs),), erbium trinitrate pentahydrate (Eu
(NO3)3-6H,0), dysprosium nitrate (Tb(NOs)3), sodium nitrate
(NaNOs), sodium oleate (C;7H33C0,Na) and ammonium molybdate
tetrahydrate ((NH,4)gMo0,0,4-4H,0) were purchased from Macklin Bio-
chemical Co., Ltd. (Shanghai, China), whose purities were 99.9% metal
basis. The oleic acid, oleylamine, liquid paraffin, toluene and ethanol
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing,
China). All the chemicals are used without any additional purification
unless otherwise mentioned. Deionized water is used for all experi-
ments. The commercial silicone resin supplied as a two-part A/B kit
(OE-6336, Dow Corning) was used for the preparation of freestanding
luminescent film. The commercial DUV LED chips (B44LD7A1CS0, Tian-
jin Henglong Technology Co, Ltd) with emission in the range of 265-
275 nm was used for the illuminators of LED devices.

2.2. Synthesis of CaMoO,4:Na™,Eu>*(Th>*) nanophophors

An internal circulation RPB reactor [30,31] consisting of a packed ro-
tator, a motor, a temperature-control jacket, a seal ring, a lifter, an inlet
and an outlet, was used for the mixing of the reactants and supersatu-
rated recrystallization of the rare earth doped CaMoO,4 nanoparticles.
Typically, 3.84 mol calcium nitrate, 0.08 mol erbium trinitrate
pentahydrate (dysprosium nitrate), 0.08 sodium nitrate and 2.679 g so-
dium oleate were dissolved in 40 ml water in a 500 ml beaker, followed
by the addition of 60 ml liquid paraffin, 10 ml oleic acid and 10 ml
oleylamine with vigorous stirring to form solution A. 0.57 mol of ammo-
nium molybdate tetrahydrate was dissolved in 20 ml water in a 100 ml
flask to form solution B. The two solutions were simultaneously added
into the RPB reactor and the mixture was then allowed for reaction at
80 °C in the internal circulation RPB reactor operating on a certain
high gravity level (rotation speed of packing in the RPB reactor) for
5 h. Then, the reaction mixture was cooled and the water was removed

by vacuum distillation. The oil phase was then added with excess etha-
nol and the precipitates were collected by centrifugation. After washing
with ethanol for three times, the obtained nanophosphors of CaMo04,:
Na™*Eu®*(Tb?*) were dried in a vacuum oven. The effects of the rota-
tion speeds of packing in the RPB reactor (1000 r-min~!,
1500 r-min~', 2000 r-min~! and 2500 r-min~", respectively), the vol-
ume ratio of liquid paraffin/water (2:1, 1:1, 1:2) and oleic acid/

oleylamine (3:1, 1:1, 1:3), were investigated.
2.3. Fabrication of freestanding luminescent films

A certain amount of the purified nanophosphors of CaMoO4:Na™,
Eu®*, A kit and B kit resin were diluted with toluene and vortexed
until the well combined. The hybrid dispersion was poured into the Tef-
lon mold and maintained in vacuum drier for 10 h to remove air bubbles
and the toluene. The freestanding luminescent film was then obtained
by curing the silicone resin at 130 °C for 2 h. The resulting 1 mm thick
freestanding luminescent film (2 cm x 2 cm) was then peeled off
from the Teflon mold for further characterization. The hybrid films
with CaMoO,:Na™ Eu>* contents of 0, 0.2wt%, 0.4wt%, 0.8wt%, 1.6wt%,
and 3.2 wt% were prepared, respectively.

24. Characterization

The morphologies of the nanophosphors were investigated by a
Hitachi H-7700TEM working in bright-field mode. The XRD patterns of
the samples were measured by a Bruker D8 Discover XRD diffractome-
ter. A Nicolet 6700 FTIR spectroscopy was used to record the FITR spec-
tra of the nanophosphors. Optical properties of samples were collected
on a Laser Flash-photolysis Spectrometer (Edinburgh Instruments).

3. Results and Discussion

The formation process of CaMoO,4 nanoparticles is shown schemati-
cally in Fig.1. The reactive precipitation and supersaturated recrystalli-
zation of CaMoO,4 occurred in a high gravity RPB reactor. The liquid
paraffin is used as the solvent, enabling the control of reactivity for
liquid-phase reactions. The oleic acid and oleylamine act as the surfac-
tants for controlling the crystallization growth of the nanocrystals.
Due to the high gravity environment and porous structure of the pack-
ing inside the RPB, the liquid is distorted, breaks up, and becomes sepa-
rated tiny droplets. The mass transfer and micromixing of the reactants
were significantly intensified and the two phases of water and paraffin
were rapidly emulsified to form small droplets, which then acted as
micro-reactors for the formation of nanoparticles. The Ca®* ions passiv-
ated by the coordination of oleic acid and oleylamine in the oil phase ar-
ranged to the aqueous phase side and immediately reacted with MoO3~
in the aqueous phase at the interface. The CaMoO, crystal nuclei were
then generated and further grew to form ligand-coated CaMoO,
nanocrystals at 80 °C for 5 h. The RE>™ (RE = Eu, Tb) ions and Na™
ions were simultaneously doped into the nanocrystals. The unique ad-
vantage of RPB in intensifying the mass transfer and micromixing of re-
actants maximized the possibility of homogenous surfactant
distribution and supersaturation in whole processing, leading to homo-
geneous doping of rare-earth ions in the host materials and enabling the
formation of high quantum efficiency nanophosphors.

The effects of rotation speeds of packings in the RPB reactors on the
morphologies of the CaMoO,4 nanoparticles were firstly evaluated. The
atom ratio of Ca®>":Na™:Eu®* was 0.58:0.21:0.21. The reaction time in
the RPB reactors was 5 h and the reaction temperature was 80 °C. The
volume ratio of liquid paraffin/water was 1:1 and the volume ratio of
oleic acid/oleylamine was 1:1. The rotation speeds of packings in the
RPB reactors were set as 1000 r-min~', 1500 r-min~!, 2000 r-min~"
and 2500 r-min~! respectively. Fig.2a-d shows the corresponding
TEM images of the samples prepared in RPB reactors operating with ro-
tation speeds of 1000 r-min~!, 1500 r-min~"', 2000 rmin~! and
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Fig.1. Schematic diagram for the main process CaMoO,4 nanoparticles formation.

2500 r-min~!, respectively. When the rotation speed was 1000 r-min !,

the morphology of the obtained CaMo0Q, nanoparticles was nanofibers
with the length larger than 100 nm and width of around 3 nm. Accord-
ing to the TEM images, the obtained nanofibers were more like
nanochains from nanocrystal self-assemblyviashape-directed nanopar-
ticle attachment, straightening, and orientation correction [32]. As the
rotation speed increased to 1500 r-min~', the obtained CaMoO,

nanoparticles still exhibited fiber morphology, while of the fibers was
much shorter, with average length of 50 nm. As the rotation speeds fur-
ther increased to 2000 r-min~ ! and 2500 r-min ", the obtained CaMoO,4
nanoparticles showed similar nanorod morphologies. These results re-
vealed that the morphologies of the nanophosphors are tunable from
nanofibers to nanorods by controlling the rotation speeds of the RPB
reactor.

Fig.2. TEM images of rare-earth doped CaMoQ,4 nanoparticles obtained in RPB reactors operating with rotation speeds of (a)1000 r-min~, (b)1500 r-min™", (c)2000 r-min~' and (d)

2500 r-min~".
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The schematic diagram of the process and possible chemical reac-
tions involved in the formation of the CaMoO,4 nanoparticles in the
oil-water interface were shown in Fig. 3. Due to the limitation of mass
transferring at the nanoscale, it is hard to realize the coating of surfac-
tants simultaneously on all faces of single nanoparticle. At the oil-
water interface, the structure change of the CaMoO,4 nanoparticle is
jointly controlled by two dominant mechanisms of homogeneous nu-
cleation (mechanism A)and nanocrystal self-assembly (mechanism B),
which can be considered as a typical mesoregime [33]. In the regime
of our work, the competition between mechanism A and mechanism B
mainly relies on the interphase renovation rate of the oil-water inter-
face and the anions (Mooﬁ_) diffusion rate across the oil-water inter-
face. According to the concept and logic of mesoscience, the transition
between the A,A-B, and B regimes was accompanied by sudden changes
in the system's characteristics and function [34,35]. In the case that the
interphase renovation rate of the oil-water interface is less than the an-
ions (MoO3 ™) diffusion rate, mechanism A weakens and mechanism B
dominates the system, resulting in long nanofibers of from nanocrystal
self-assembly including shape-directed nanoparticle attachment,
straightening, and orientation correction. In opposite situation that the
interphase renovation rate is significantly enhanced and faster than
that of the anions (MoO3 ™) diffusion rate, mechanism A dominates
the system and mechanism B weakens, resulting in short CaMoO,4 nano-
rods. Therefore, by increase the rotation speed of the RPB reactor to en-
hance the interphase renovation rate of the oil-water interface in the
system, the obtained CaMo0O, varied from nanofibers to nanorods.

In addition to the rotation speeds of the reactor, the volume ratio of
liquid paraffin/water and oleic acid/oleylamine in the synthesis process-
ing also exhibited significant effects on the structure of nanophosphors
products. Fig. 4a and b shows the typical TEM images of the CaMoO4
nanoparticles when the volume ratios of oleic acid/oleylamine were
3:1 and 1:3 respectively. According to previous study, the oleylamine
molecules could promote the deprotonation of oleic acid into
C17H33C0O0 ™, which enable the strong and dense selective adsorption
of the deprotonated oleic acid onto certain facets of inorganic
nanocrystals [36]. Therefore, along with the decreasing of oleic acid/
oleylamine ratio, the coating of surfactants on the nanoparticles was
more easy and the reactants in the system were more likely to form
short nanorods (Fig. 4b), rather than nanofibers (Fig. 4a). Fig. 4c and d

oil ? o

low interphase
renovation rate

—)

high interphase
renovation rate

—)

presents typical TEM images of the CaMoO,4 nanoparticles when the vol-
ume ratios of liquid paraffin/water were 2:1 and 1:2 respectively. As the
ratio of liquid paraffin/water decreases, the interface concentration of
anions in the water phase and the diffusion rate of anions across the
oil-water interface reduced correspondingly. According to the above-
mentioned analysis based on the mesoscience, the mechanism A that
was homogeneous nucleation was strengthened and dominated the
system, resulting to ultrasmall nanodots of CaMoO, (Fig.4d). Fig.4e
shows the typical XRD curve of the obtained nanoparticles, indicating
the crystalline structure of scheelite type CaMoO,4, which is in good
agreement with standard JCPDS file number 85-1267. The FTIR spec-
trum in Fig.4f demonstrated the presence of organic surfactants, in
which the characteristic peaks of COO— symmetric stretch from oleic
acid were observed at 1550 and 1442 cm™ . Therefore, the newly devel-
oped synthesis route for the synthesis of CaMoO, by using high gravity
technology for process intensification and paraffin liquid as the solvent
enables the controlling of product morphologies from nanofibers
through nanorods to nanodots. In addition, unlike the previous reported
synthesis methods, the use of liquid paraffin as the solvent eliminates
the safety risks associated with volatile organic compounds and offers
a green synthetic route, which may increase the potential for large-
scale production of rare-earth doped nanophosphors.

The photoluminescence (PL) is one of the fascinating features of
nanophosphors, which make them attractive for various applica-
tions. For rare earth doped nanophosphors, the luminescent proper-
ties are extremely sensitive to their mesoscale structures, such as
concentration and distribution of defects and doping ions [37]. The
PL spectra of Ca;_xyMo0O4:xNa™t xEu®* (x = 0.01, 0.02, 0.03, 0.05,
0.10) and Ca(;_2,)M004:xNa™ xTh** (x = 0.01, 0.02, 0.03, 0.05,
0.10) nanophosphors under the same 263 nm DUV light excitation
were shown in Fig.5. It is obvious that the Eu®>* doped CaMoO,
nanophosphors exhibited red emission with peak wavelength of
615 nm and the optimized doping concentrations of Eu** was 2
atom%. Th>* doped CaMoO, nanophosphors exhibited green emis-
sion with peak wavelength of 615 nm and the optimized doping con-
centrations of Th>* was 3 atom.

Fig.6 shows that both powders and dispersions of the
nanophosphors exhibited bright luminescence under the excitation of
DUV light via254 nm DUV lamps. Fig.6b and e also demonstrated that

NOT W

Fig.3. Schematic diagram of the process and possible chemical reactions involved in the formation of the CaMoO,4 nanoparticles in the oil-water interface with low and high interphase

renovation rates, respectively.
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Fig.4. TEM images of rare-earth doped CaMoO,4 nanoparticles obtained under different experimental conditions. Volume ratios of oleic acid/oleylamine were (a)3:1 and (b)1:3 while the
volume ratio of liquid paraffin/water was 1:1. Volume ratios of liquid paraffin/water were (c)2:1 and (d)1:2 while the volume ratio of oleic acid/oleylamine was 1:1. The rotation speeds
are 2000 r-min~" for the four experiments. ()XRD curve and (f)FTIR spectrum of the rare-earth doped CaMoO,4 nanoparticles.

the nanophosphors could disperse well in organic solvents, enabling
them for light-converting “transparent” fillers in polymer based
freestanding luminescent films. Fig.6c and f presents the CIE
coordinates of Cag9sM004:0.02Na™,0.02Eu>* nanophosphors and
Cag94sM00,:0.03Na™,0.03Tb>" phosphors. The CIE coordinates of Eu>™
doped CaMoO,4 nanophosphors were (0.60469 0.35001), which were
in the red region. The Tb®>* doped CaMoO,4 nanophosphors exhibited
typical green emission with CIE coordinates of (0.28538 0.58959). The
luminescent quantum yield of CaMoO4:Na™,Eu>* nanophosphors and
CaMoO,4:Na ", Tb>** nanophosphors was 35.01% and 30.66%, respec-
tively. As a comparison, Ding et al. [22] reported the quantum yields of
25.7% for CaMoO,4:Na™,Eu>™ nanofibers and 27.7% for CaMoO4:Na™,
Tb>* nanofibers. The nanophosphors obtained in our work were
smaller than the nanofibers and exhibited higher quantum yields,
which were attributed to the significant intensified mass transfer and
micromixing of reactants in the RPB reactor, leading to homogeneous

doping of rare-earth ions in the host materials and resulting in
nanophosphors with high luminescent quantum efficiency.

In order to explore the potential functions and applications of rare
earth doped CaMoO,4 nanophosphors, we fabricated hybrid films of sili-
cone/CaMo0O,:Na™ Eu>Tviaco-solvent methods. As shown in Fig.7a and
b, the hybrid films were nearly transparent under daylight and exhib-
ited bright red luminescence under DUV light excitation, even though
the weight ratios of the nanophosphor were at low levels. As the weight
ratios of CaMoO4:Na ™ ,Eu" in the hybrid films from 0.2% to 3.2% in-
creases, the luminescence intensity increased without aggregation
caused quenching. In addition, Fig.7c shows a typical LED lamp fabri-
cated by using a commercial DUV LED chip with emission in the range
of 265-275 nm and the silicone/CaMoO,:Na* Eu>* hybrid film as the
encapsulation layer. After the device was powered on, obvious red
light was observed, and the luminescence spectrum shown in Fig.7d
agreed well with that of CaMoO,4:Na™,Eu®* powder.
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Fig.5. DUV excited PL intensity of (a)Ca(;_2xMoO4:xNa™ xEu*>" and (b)Ca(;-2,M004:
xNa™ xTb>* nanophosphors with different doping concentrations of rare earth ions. x =
0.01, 0.02, 0.03, 0.05, 0.10 respectively. Ngxcitation = 263 nm.

4. Conclusions

Along with the rapid development of LED lighting and display, green
and scalable synthesis approaches of high performance nanophosphors
are highly required. In this work, we demonstrate an innovative route
for the synthesis of rare-earth doped CaMoO4 nanophosphors by using
high gravity technology for process intensification and paraffin liquid
as the green solvent. The morphologies of the nanophosphors are tun-
able from nanofibers through nanorods to nanodots by controlling the
experimental conditions. The mechanism of controlling the formation
of different nanostructures in the RPB reactor was proposed, as inspired
by the concept of “mesoscience”. The luminescent quantum yield of ob-
tained red nanophosphors reached to 35.01% with CIE coordinates of
(0.60469 0.35001) and peak emission wavelength at 615 nm. The
green nanophosphors exhibited luminescent quantum yield of up to
30.66% with CIE coordinates of (0.28538 0.58959) and peak emission
wavelength at 543 nm. Compared to traditional synthesis approaches
using the stirred reactors (STRs), the significant intensified mass trans-
fer and micromixing of reactants in the RPB reactor are benefiting for
homogeneous doping of rare-earth ions in the CaMoO, host materials,
leading to nanophosphors with high quantum efficiency. The use of lig-
uid paraffin as the solvent eliminates the safety risks associated with
volatile organic compounds and offers a green synthetic route, which
may increase the potential for large-scale production of rare-earth
doped nanophosphors. The nanophosphors were highly dispersible in
organic solvents and were used for fabricating fabrication of flexible,
freestanding luminescent films based on silicone resin. The red LED
lamp consisting of DUV LED chip as the illuminator and the hybrid
films of silicone/CaMoO4:Na™,Eu>" as encapsulation layer were

prepared.
u
u

Fig.6. Photographs of (a, d)powders, dispersions in toluene (5 mg-ml~') and CIE chromaticity maps of (a-c) CaggsM004:0.02Na™,0.02Eu>* nanophosphors and (d-f)

Cap.04M00,4:0.03Na*t,0.03Th> under excitation of DUV light, respectively.
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Fig.7. Photographs of silicone/CaMo0,:Na ™" Eu* hybrid films with concentrations of CaMoO,:Na™,Eu>* (0.0, 0.1wt%, 0.4wt%, 0.8wt%, 1.6wt%, 3.2 wt%) under (a)daylight and (b)DUV light
excitation. (c)Photograph of a lighted LED lamp consisting of a DUV LED chip and silicone/CaMoO4:Na*,Eu* encapsulation layer. (d)Luminescence spectrum of the lighted LED lamp.
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