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Zirconia-based hybrid polymers has become one of the ideal encapsulation material for light emitting
diodes (LEDs) with high extraction efficiency due to their proper refractive index to those of semiconduc-
tor chips. However, the controlling of the dispersion for zirconia nanoparticles in polymeric hosts to
obtain optically transparent hybrid nanocomposites has been one of the major challenges. Herein, we
reported the synthesis of zirconia nanodispersion via high-gravity-assisted homogeneous precipitation
in an internal circulation rotating packed bed (RPB) reactor followed by two-step modification. An alter-
native to conventional precipitation in batch stirred tank reactors (STR), the process intensification by
high-gravity RPB results in homogeneous micromixing during the nucleation and growth of zirconia par-
ticles, which are benefit for continuous and reproducible production of ultrasmall zirconia nanoparticles.
The obtained zirconia nanoparticles are purely cubic phase with narrow size-distribution in the range of
3–5 nm according to the X-ray diffraction and transmission electron microscopy characterization, which
were similarity to that by the conventional methods. Nevertheless, the average hydrodynamic diameters
of zirconia nanoparticles in aqueous solutions obtained by RPB methods were much smaller than those
prepared in conventional STR, which enabled easy control and surface modification for highly dispersed
nanodispersion in organic solvents and/or polymeric hosts. After two-step surface modification, zirconia
nanoparticles with goal-directed structures were obtained, with highly dispersity in various organic sol-
vents (e.g. toluene, trichloromethane, tetrahydrofuran, etc.) and aliphatic epoxy resin, forming transpar-
ent hybrid films with tunable refractive indexes. The preliminary applications of these zirconia
nanodispersions for LEDs encapsulation were demonstrated. The light extraction efficiency of the LEDs
devices packaged with zirconia/epoxy hybrid material increased by 10 percent when the doping content
of zirconia nanoparticles was 0.2, compared to the devices encapsulated by original epoxy.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Zirconia is an excellent refractory and ceramic material with
high mechanical strength, fracture toughness, heat tolerance, high
melting point, resistance to abrasion and thermal-shock (Chiang,
2015; Enomoto et al., 2018), which has found widely applications
such as automobile engine parts, gas turbine parts, high tempera-



Fig. 1. Schematic diagram of the internal circulation RPB reactor. Red lines and
arrows indicate the flow of reactants. (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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ture pigments, cutlery and refractory crucible. In particular, cubic
zirconia nanocrystals are very promising as fillers of flexible poly-
mers based transparent nanocomposites with tunable refractive
index for encapsulation of optical devices to enhance the light
extraction efficiency and save energy (Chung et al., 2016;
Enomoto et al., 2017; Lee et al., 2008; Lei et al., 2014; Lin et al.,
2018). However, the controlling of the dispersion for nanoparticles
in polymeric hosts to avoid the scattering of large aggregated par-
ticles and obtain optically transparent hybrid nanocomposites are
challenging (Chiang, 2015). Therefore, the development of scalable
methods for the synthesis highly dispersed sub-10 nm zirconia
nanoparticles in various solvents and/or polymer hosts has been
one of key materials challenge in moving toward their commercial-
ization and advanced applications (Huang et al., 2017).

One common synthetic method for the synthesis of highly dis-
persed ultrasmall zirconia nanoparticles is based on the thermal
decomposition of organic zirconium precursors in organic solvents
(Garnweitner et al., 2007; Tao et al., 2013). However, the organic
zirconium precursors are usually expensive and the use of organic
solvents results in a large amount of organic liquid wastes, which
limit the scale-up production of zirconia nanoparticles. Another
approach for preparation of zirconia nanoparticles is based on
the liquid precipitation between soluble inorganic zirconium salts
and alkali followed by hydrothermal crystallization and surface
modification (Chang et al., 2012; Huang et al., 2011; Li et al.,
2008; Xia et al., 2018). The aqueous synthesis of zirconia nanopar-
ticles in water offers the following advantages: (1) it uses relatively
inexpensive zirconium precursors and less toxic organic reagents
that are beneficial for commercial production; (2) covalent binding
of zirconia nanoparticles with various organic groups are function-
oriented to improve the compatibility between the nanoparticle
and surrounding matrix for optimum properties. Nevertheless,
the conventional precipitation process of zirconia precursors is
usually performed in batch-type stirred tank reactors (STR) with
low efficiency of fluid mixing and mass transfer, in which the
nucleation of nanoparticles are hard to occur uniformly, especially
when large volumes of solution are involved (Pu et al., 2018a).
Therefore, a major challenge for scalable production of highly dis-
persed zirconia nanodispersion is the realization of homogenous
synthesis conditions in the reactors for precipitation and crystal-
lization, which is indispensable to achieve high quality zirconia
nanoparticles with less aggregates, namely small hydrodynamic
diameters in aqueous solutions, for subsequent surface
modification.

Along with the development of green chemical engineering
focusing on the design of chemical reaction processes for green
product and green process, a variety of methods for continuous
and reproducible production of nanoparticles by process intensifi-
cation have emerged (Chen, 2017; Wang et al., 2017). As one of the
cutting-edge process intensification technologies, the high-gravity
technology facilitates the fulfillment of these demands as the use
of rotating packed bed (RPB) reactors allow fast mass transfer
and molecular mixing (Wenzel and Gorak, 2018), resulting in good
controllability of the synthesis parameters. In addition, the RPB
system can be operated continuously and are ease to yield larger
mass-fluxes for scale-up (Huang et al., 2018; Kuang et al., 2015;
Zhao et al., 2010). Along with others, we have demonstrated that
the high-gravity technology is highly promising platform for the
production of various types of micro- and nanopowders of metal
oxides (Jiao et al., 2017; Leng et al., 2017; Yang et al., 2017; Zhao
et al., 2018). Meanwhile, a few works have investigated the synthe-
sis of nanodispersion of insoluble inorganic metal compounds in
organic media (Kang et al., 2018; Pu et al., 2018b). The high-
gravity-assisted synthesis of zirconia nanodispersion aiming for
hybrid encapsulation of light emitting diodes (LEDs) to the best
of our knowledge has rarely been reported.
In this study, we establish the synthesis of zirconia nanoparti-
cles in a high-gravity internal circulation RPB reactor with a view
to the process intensification for scalable ability of large produc-
tion. Therefore, the detailed studies on the effects of high-gravity
levels and reaction time were investigated to confirm the optimal
conditions. A two-step surface modification approach were devel-
oped for tailoring of the zirconia nanoparticles to improve the
compatibility between the zirconia nanoparticle and surrounding
aliphatic epoxy resin for transparent hybrid encapsulation of LEDs
devices. Characterization of the zirconia nanoparticles showed
much smaller hydrodynamic diameters in aqueous solutions than
those obtained by a conventional STR route, resulting in higher dis-
persed zirconia nanodispersion in organic solvents and polymeric
hosts. Compared to the devices encapsulated by commercial epoxy,
the use zirconia nanodispersions for zirconia/epoxy hybrid encap-
sulation benefited the light extraction efficiency of LEDs, increasing
up to 10 percent. This study demonstrated that the newly devel-
oped high-gravity-assisted scalable synthesis approach stands for
an effective method for highly dispersed sub-10 nm zirconia
nanoparticles in moving toward their commercialization and
advanced applications in optical devices for saving energy.

2. Materials and methods

2.1. Materials

Zirconium carbonate basic (ZCB), 3-(Trimethoxysilyl)propyl
methacrylate (KH570), methylhexahydrophthalic anhydride
(MHHPA) and 3,4-epoxycyclohexylmethyl 3,4-epoxycyclohexane
carboxylate (epoxy) were purchased from Sigma-Aldrich. Other
chemicals including ammonium bicarbonate, sodium hydroxide,
butyric acid (BA), trichloromethane (TCM), dichloromethane
(DCM), tetrahydrofuran (THF), methyl isobutyl ketone (MIBK),
acetyl acetone (Hacac) and toluene were obtained from Shanghai
Macklin Biochemical Co., Ltd. All the chemicals were used without
any additional purification and deionized water was used for all
experiments.

2.2. Synthesis of ZrO2 nanoparticles

For the synthesis of ZrO2 nanoparticles, an internal circulation
RPB reactor (Fig. 1) was used for the precipitation and crystalliza-



X. He et al. / Chemical Engineering Science 195 (2019) 1–10 3
tion process. The RPB reactor consists of a packed rotator, a motor,
a temperature-control jacket, a seal ring, a lifter, an inlet and an
outlet. In a typical experiment, 40 g NaOH were dissolved in
200 mL water and maintained at 80 �C to form solution A. Mean-
while, 40 g ZCB were added into 200 mL water, stirring at 80 �C
for 10 min to obtain suspension B. The two solutions were simulta-
neously added into inlet of the RPB reactor for mixing and precip-
itation. After the feeding of solution A and suspension B, the
mixture was then allowed for crystallization inside the internal cir-
culation RPB reactor for certain time. In our experiments, we inves-
tigated the effects of high gravity levels and the cycle time on the
particle sizes of ZrO2 nanoparticles. The high gravity levels were
controlled by adjusting the rotation speeds of the RPB in the range
of 500–1500 rpm (revolutions per minute). For the internal circula-
tion RPB reactor used in our experiments, the inner radius of the
packing is 0.034 m and the outer radius of packing is 0.1 m. The
corresponding mean high-gravity levels (b) were 20, 81 and 182
at various rotation speeds of 500, 1000 and 1500 rpm, respectively,
as calculated by equation (Wu et al., 2018; Wu et al., 2016):

b ¼
R r2
r1
2prbdrR r2

r1
2prdr

¼ 2x2ðr12 þ r1r2þr22Þ
3ðr1 þ r2Þg

where r1,r2, and x are inner radius of packing (m), outer radius of
packing (m) and rotor speed (rad/s), respectively. The g is the grav-
ity acceleration and the value of this number is 9.8 m/s2.

The effects of the cycle time on the particles crystallization and
growth were investigated at time points of 1–6 h at one hour inter-
vals. The as-prepared ZrO2 nanoparticles were then washed twice
with water and 1 mol/L ammonium bicarbonate solution. The sus-
pension liquid was separated by centrifugation (5000 rpm for
5 min) and the slurry of ZrO2 nanoparticles was obtained. In one
experiment, 25 g of slurry was obtained, and the slurry contained
some free water, bound water, and carbonic acid groups, wherein
the weight of the dry zirconia was 15 g. The ZCB used in the raw
material has a zirconia content of 40% or more, and theoretically,
the weight of zirconia is 16 g or more. The theoretical zirconium
atom conversion of this reaction is 100%, and the difference
between the actual value and the theoretical value is mainly due
to the fact that a plurality of centrifugal washing processes carry
away a part of the zirconia product. As the control experiment,
the ZrO2 nanoparticles were obtained by mixing of solution A
and suspension B in a conversional stirred tank reactor (STR) com-
posed of a beaker and a stirrer working at 500 rpm. The ZrO2

nanoparticles were prepared after reacting for 5 h in STR followed
by same washing process as the RPB experiment.
2.3. Two-step surface modification of ZrO2 nanoparticles.

The slurry of ZrO2 nanoparticles (25 g) were re-dispersed in
25 mL of water and then added into 100 mL of BA. The mixture
was maintained at 70 �C for 10 h and was then centrifuged and
washed twice with water. The white powder of BA-capped ZrO2

nanoparticles (18 g) were obtained by vacuum-drying the precipi-
tate at 110 �C for 6 h. The particles could be easily dispersed in
toluene and form transparent dispersion even at solid content of
70 wt%. The BA-capped ZrO2 nanoparticles were then modified
by maintaining the particles with excess KH570 in toluene at
60 �C for 2 h. After the replacement of BA by KH570, an equal
amount of water was used to extract the BA released from the sur-
face and possibly some residual salts by centrifugation (5000 rpm
for 5 min). After vacuum drying at 80 �C for 4 h, the white powder
of KH570 modified ZrO2 nanoparticles (19 g) were obtained, which
can be easily re-dispersed in various organic solvents including
toluene, THF, MIBK, TCM, DCM and Hacac.
2.4. Preparation of ZrO2/epoxy hybrid nanocomposites

The ZrO2/epoxy hybrid nanocomposites were then prepared via
co-solvents methods. Briefly, a certain amount of KH570 modified
ZrO2 nanopowder was dispersed in 2 mL of toluene to form trans-
parent ZrO2 nanodispersion with different solid contents. 1 g of
epoxy as dissolved in 2 mL of toluene to form transparent solution.
The two solutions were then mixed under magnetic stirring for 5 h.
The color of the mixture was white initially, but after sufficient stir
it gradually became transparent solution. After that, the toluene
was removed by vacuum drying at 65 �C. Then add 1 g MHHPA
as a hardener to the composite epoxy resin. The hybrid epoxy-
based resins were cured at 75 �C for 0.5 h and then 120 �C for
1.5 h in PTFE molds. The amounts of KH570 modified ZrO2

nanoparticles were set as 0 g, 0.11 g, 0.22 g, 0.50 g, 0.86 g, and
2 g to prepare hybrid films with ZrO2 contents of 0, 5, 10, 20, 30,
and 50 wt%, respectively.
2.5. Characterization

The transmission electron microscope (TEM) images were taken
by a Hitachi HT-7700 TEM operating at bright field mode with an
accelerating voltage of 120 kV. Histograms of the particle size dis-
tributions were obtained by a software which called Nano Mea-
surer. The high-resolution TEM images were recorded in a
Hitachi H-9500 TEM operating at 300 kV in bright-field mode.
The hydrodynamic diameters of the particles were determined
by dynamic light scattering (DLS) measurements using a Malvern
Zetasizer Nano ZS90 instrument. The study of chemical structure
of the modifiers on ZrO2 was employed by 1H nuclear magnetic
resonance (NMR) spectroscopy (AvanceII 300, Bruker). The X-ray
diffraction (XRD) patterns of the samples were measured by a Shi-
madzu XRD-6000 diffractometer. The Raman spectra were mea-
sured by a Renishaw inVia micro-Raman spectroscopy system
excited by a 514 nm laser. A PerkinElmer spectrum GX FTIR spec-
troscopy system was used to record the FITR spectra of solid sam-
ples. Thermogravimetric analysis (TGA) was performed by using a
Q50 TGA from TA Instruments. A Shimadzu UV-2600 UV–Vis spec-
trometry was used to measure the UV–Vis transmittance spectra.
The refractive indexes were measured with an Abbemat 300 Abbe
refractometer. The light extraction efficiency of LEDs devices were
measured by the Everfine LEDspec system.
3. Results and discussion

The formation process of ZrO2 nanoparticles was shown
schematically in Fig. 2. Firstly, the growth of -Zr-O-Zr- networks
occurred via the hydrolysis and condensation reaction of ZCB in
the strong alkaline environment of pH = 13 (Singhal et al., 1996).
The nanosized ZrO2 particles were then prepared by further crys-
tallization and dehydration under thermal treatment (Chung
et al., 2016). Due to the presence of carbonate groups on the sur-
face, the growth of ZrO2 particles was limited, forming ultrasmall
particles with abundant surface groups (Chiang et al., 2016). The
effects of reaction time on the crystallization and dehydration pro-
cess of ZrO2 particles in RPB were investigated. The results of XRD
shown in Fig. 2b demonstrate that diffraction intensity increased
with the reaction time while the crystallization quality of ZrO2 will
be also improved. The diffraction peaks of at 30.1�, 35.0�, 50.2�, and
59.7� corresponding to the ZrO2 crystal planes of (1 1 1), (2 0 0),
(2 2 0), and (3 1 1) respectively, were observed from the XRD pat-
terns. When the reaction time reaches 5 h, no significant change
in XRD patterns were observed. Therefore, the optimized reaction
time for RPB route was 5 h in our experiments. The Raman scatter-
ing spectrum reveals the characteristic peak of cubic ZrO2 at 500–



Fig. 2. (a) Schematic diagram for the formation process of ZrO2 nanoparticles. (b) XRD patterns of the samples obtained from RPB with reaction time of 1, 2, 3, 4, 5 and 6 h,
respectively. (c) Raman spectrum of the sample prepared from RPB with reaction time of 5 h.
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600 cm�1 and the carbonate at 1000–1100 cm�1, proving another
evidence for the formation of cubic ZrO2 (Fig. 2c).

Preliminary comparison on the morphology and dispersion
behavior of synthetic ZrO2 obtained by RPB and STR (reaction
time = 5 h) were shown in Fig. 3. All the samples were prepared
by dipping copper grids in respective aqueous dispersions with
solid content of 0.002 wt% and were observed at different levels
of magnification. TEM images indicate that the existence of a large
amount of agglomerations for the ZrO2 powder obtained by con-
version STR with irregular shape in the size range of 1–5 lm
(Fig. 3a–c). It was obvious that the use of RPB had a great effect
on disagglomeration of ZrO2 nanopowders (Fig. 3d–f). Although a
few agglomerations in the range of several hundreds of nanome-
ters were observed, most of the ZrO2 nanoparticles obtained by
RPB route were monodisperse (Fig. 3f). The hydrodynamic diame-
ters of ZrO2 nanoparticles obtained by STR (stirring rate = 500 rpm)
and RPB routes (high gravity level b = 20, 81, 182) were investi-
gated by DLS measurements. These results shown in Fig. 3i demon-
strates that the relationship hydrodynamic dispensability of ZrO2

nanoparticles in aqueous solution had positive relation with the
high gravity levels of the preparation conditions. The particles
obtained by mixing in the STR showed an average hydrodynamic
diameter of 1000 nm. However, the particles obtained by mixing
in RPB reactors exhibited much smaller hydrodynamic diameters
than those obtained in the STR. The hydrodynamic diameters were
306, 253 and 124 nm for the high gravity level of 20, 81 and 182,
respectively. The XRD patterns of samples obtained at various high
gravity levels exhibited similar shape and intensity (Fig. S1). These
results indicated that the high gravity level of the RPB has influ-
enced the hydrodynamic sizes of the re-dispersed ZrO2 nanoparti-
cles in aqueous solutions but had no effect on the crystallization of
the particles. As the high gravity levels increasing, the micromixing
and mass transfer of the reactants become more homogeneous,
resulting in ZrO2 nanoparticles with more uniform bidentate car-
bonate groups on the surface, which is the key factor affecting
the agglomeration of ZrO2 nanoparticles. More hydrophilic groups
on the nanoparticles result in lower surface energy, higher dis-
persibility and weaker trends for aggregation in aqueous solutions.
Therefore, the hydrodynamic diameters of the re-dispersed ZrO2

nanoparticles in aqueous solutions decreased as the increase of
high gravity levels for the preparation process in RPB reactors.
However, the crystallization of ZrO2 nanoparticles were relatively
slow reactions, which was no obvious affected by the micromixing
and mass transfer efficiency. Since high dispersibility of nanoparti-
cles is beneficial for the surface modification, the optimized high
gravity level for RPB route in our experiments was 182. More
related works, including the designing of reactors with higher
gravity levels and processing capacities, analytical and feedback
mechanisms for real-time tuning and optimization of products,
are helpful to achieve high-quality ZrO2 nanoparticles and for
scale-up, which should be good topics for future studies.

Epoxy resin has been among the most widely used LEDs
encapsulation material (Chen et al., 2015; Chung et al., 2012;
Tao et al., 2013). In this work, two-step surface modification
was introduced to transfer the aqueous dispersible ZrO2 nanopar-
ticles into organic solvents and water insoluble epoxy matrix, by
grafting the ZrO2 nanoparticles with BA and KH570 molecules.
During the first step reaction, the BA molecules were covalently
attached to the ZrO2 nanoparticles via the reaction between
hydroxyl and carboxyl groups (Chiang et al., 2016), forming BA
capped ZrO2 (ZrO2@BA) nanoparticles (Fig. 4a). After surface mod-
ification with BA, the ZrO2 nanoparticles obtained from conver-
sional STR route (STR-ZrO2@BA) exhibited high dispersibility
than the original particles. The DLS measurements of STR-
ZrO2@BA demonstrate an average hydrodynamic diameter of
20 nm for the particles in toluene (Fig. 4b). In stark contrast,
the BA capped ZrO2 nanoparticles obtained from optimized RPB
route (RPB-ZrO2@BA) were with an average of hydrodynamic
diameter of 10 nm in toluene (Fig. 4b). The TEM image of RPB-
ZrO2@BA demonstrated that the particles were monodisperse
(Fig. 4c). The 1H NMR spectrum of ZrO2@BA nanoparticles indi-
cate the BA molecules are grafted onto the surface of zirconia
because hydrogen atoms in three different chemical environ-
ments are detected to be consistent with BA molecules (Fig. S2).
Due to the BA binding on the surface, the ZrO2@BA nanoparticles
could be dispersed in organic solvent such as toluene (Fig. S3).



Fig. 3. TEM images at different levels of magnification for ZrO2 nanoparticles obtained by (a–c) STR route and (d–f) RPB route (b = 20). TEM images of ZrO2 nanoparticles
obtained by RPB route with high gravity level of (g) b = 81 and (h) b = 182. (i) DLS results of the samples in (a, d, g, h).
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However, they were hardly dispersed in epoxy resin for hybrid
encapsulation materials of LEDs devices.

To further improve the compatibility between the ZrO2@BA
nanoparticle and surrounding aliphatic epoxy resin, the KH570
molecules were then introduced to the surface of ZrO2@BA as the
second step modification based on the reaction between hydroxyl
and silicon methoxy (Fig. 5a) (Chung et al., 2016). The XRD patterns
of the ZrO2 nanoparticles, ZrO2@BA nanoparticles and ZrO2@BA-
KH570 nanoparticles shown in Fig. 5b indicate similar crystal
structure of cubic ZrO2, demonstrating the crystal structure of
the ZrO2 nanoparticles was stable during the two-step modifica-
tion process. The 1H NMR spectrum of ZrO2@BA-KH570 nanoparti-
cles demonstrated the presence of both BA and KH570 structures
(Fig. S4). The FTIR spectra of these samples are given in Fig. 5c.
The peaks at 1575 cm�1 and 1350 cm�1 observed from the FTIR
spectrum of ZrO2 nanoparticles were attributed to the carbonate
groups on the surface. After modification with BA, new bands
appeared at 1700 cm�1, 1366 cm�1 and 1240 cm�1 for the stretch-
ing of C@O, CH3 and CAO groups of BA, respectively. For the sample
of ZrO2@BA-KH570, the stretching of SiAOAZr band form 800–
1000 cm�1, indicated the bonding of the KH570 on the ZrO2 surface
(Su and Chen, 2008). According to the TGA results shown in Fig. 5d,
the residue ZrO2 was 85.6 wt% after heating to 800 �C of the
unmodified ZrO2 nanoparticles and the weight loss was mainly
attributed to the carbonate groups on the surface of ZrO2 NPs.
The residue ZrO2 was 78.9 wt% and 82.1 wt% after heating to
800 �C from the ZrO2@BA-KH570 nanoparticles and ZrO2@BA
nanoparticles, respectively. Combined with the analysis of 1H
NMR spectrum (Fig. S4), the KH570/BA ratio in the ZrO2@BA-
KH570 was calculated to be 2.64.

Due to the compatibility of KH570 molecule structure with
organic solvents, the ZrO2@BA-KH570 nanoparticles could be dis-
persed well in toluene, forming transparent nanodispersion with
solid contents of up to 50 wt% (Fig. 6a), giving a clear view of the
patterns behind the bottles. They can also be dispersed well in a
variety of organic solvents such as THF, TCM, DCM, MIBK and
Hacac (Fig. 6b). The DLS results show that the average hydrody-
namic particle sizes in different organic solvents were similar
around 10 nm (Fig. 6c). The typical UV–vis absorbance spectrum
of ZrO2@BA-KH570 nanodispersion (1 wt% in toluene) is shown
in Fig. S5, in which no significant absorbance and/or scattering
were observed in the range of visible light. These results indicated
the low degree of association between ZrO2@BA-KH570 particles.

Fig. 7a presents the digital photos of ZrO2/epoxy hybrid
nanocomposites prepared via co-solvents methods. The thickness
of all the films were the same as 0.25 mm and the weight ratios
of ZrO2@BA-KH570 nanoparticles doped in the hybrid films were
0, 5, 10, 20, 30, 50 wt%, respectively. It can be seen that all the
hybrid films were optical transparent in the range of visible light
without significant absorption and scattering. The transmittance
spectra of the films demonstrate that the transmittance of light
at wavelength of 500 nm for the films with ZrO2@BA-KH570
nanoparticles doping ratio of less than 30 wt% are higher than
97%. Compared with pure epoxy resin, the addition of ZrO2 causes
an absorption in the wavelength range from 250 nm to 300 nm
(Fig. S5), and the absorption becomes more significant with an
increase in the ZrO2 content (Yamada et al., 2000). Moreover, a
plunge in the wavelength range form 300 to 400 nm was demon-
strated in the spectra of epoxy/ZrO2 nanocomposite. This is due
to the coordination of the butyric acid, KH570, and epoxy itself
(Chung et al., 2016; Chung et al., 2012; Enomoto et al., 2015).
The transmittance of hybrid films with ZrO2@BA-KH570 doping
ratio of 50 wt% exhibited significant decreased values (�80% at
wavelength of 500 nm), which was attributed to the scattering of



Fig. 5. (a) Schematic diagram of grafting of KH570 onto ZrO2@BA nanoparticles. (b) XRD, (c) FTIR and (d) TGA characterization ZrO2, ZrO2@BA and ZrO2@BA-KH570
nanoparticles.

Fig. 4. (a) Schematic diagram of grafting of BA onto ZrO2 nanoparticles. (b) Hydrodynamic diameters of the ZrO2@BA nanoparticles obtained from conversional STR route
(STR-ZrO2@BA) and from RPB route (RPB-ZrO2@BA) in toluene measured by DLS, (c) A typical TEM image of the RPB-ZrO2@BA nanoparticles.
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Fig. 6. (a) Photograph of toluene containing ZrO2@BA-KH570 nanoparticles with solid content of 10, 20, 30, 40, 50 wt%. (b) Photograph of various kinds of organic solvents
containing ZrO2@BA-KH570 nanoparticles with solid content of 5 wt%. (c) Hydrodynamic diameters of the ZrO2@BA-KH570 nanoparticles in (b) measured by DLS.

Fig. 7. (a) Digital photos and (b) UV–visible transmittance spectra of ZrO2/epoxy hybrid nanocomposites containing 0, 5, 10, 20, 30, 50 wt% of ZrO2@BA-KH570. All the hybrid
films were prepared with thickness of 0.25 mm. (c) The refractive indexes@589 nm of the hybrid films as a function of the volume ratio of ZrO2@BA-KH570 nanoparticles. (d)
TGA curves of ZrO2/epoxy hybrid nanocomposites containing 0, 5, 10, 20, 30, 50 wt% of ZrO2@BA-KH570 nanoparticles measured in air.
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large size aggregates of ZrO2 in the films. It should be noted that
the optical transparency of mixed materials can be estimated using
the following equation (Althues et al., 2007; Caseri, 2006; Chau
et al., 2007):

I
I0

¼ exp �32Upxp4r3n4
m

k4
np=nm � 1
� �
np=nm þ 2
� �

" #2
8<
:

9=
;

where r, np and Up are the radius, refractive index and fraction of
spherical particles, respectively. nm is the refractive index of matrix.
k is light wavelength, and x is the thickness of the composite. I is the
intensity of the transmitted and I0 of the incident light. One of the
most obvious effects is particle size, which is the so-called scattering
effect. Because of scattering effect, the transparency of mixed resins
can rapidly decaywith thickness. Therefore, monodisperse fillers are
strongly demanded in order tomaintain the high transparency of the
composite. Meanwhile, the transparency of a composite is highly
related to the thickness of composites. Although some previous
reports claimed higher transmittance values of hybrid films with
higher ZrO2 doping ratios (>50 wt%), a closer look at the data often
reveals that the thickness of the films are usually low than several
lm (Lei et al., 2014; Xia et al., 2018). As for the applications of LED
encapsulation, the hybrid films should be thicker than hundreds of
lm. In our experiments, the tested films were 0.25 mm in thickness,
which are more adaptive to practical application environment.
According to a simple estimation of the effective medium theory,
the refractive index of a matrix can be calculated by its volume frac-
tion as following (Aspnes, 1982; Yovcheva et al., 2012):



Fig. 8. (a) Schematic diagram of LED encapsulation and the light extraction models at the interface. (b) A typical photo of an illuminated blue LED. (c) Typical spectrum of the
blue LED device with ZrO2/epoxy composite as the encapsulation material. (d) The luminous flux of the LEDs as a function of the ZrO2 content in the ZrO2/epoxy encapsulating
material at 0, 10, 20, 30 and 50 wt%. (e) The rate of luminous flux increase of LED devices encapsulated with epoxy/ZrO2 hybrid films with ZrO2 content of 10, 20, 30 and 50 wt
% compare to the devices encapsulated with pure epoxy. (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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n2 � 1
n2 þ 2

¼ /a
n2
a � 1

n2
a þ 2

þ /b
n2
b � 1

n2
b þ 2

where n, na, nb are the refractive index of the matrix and that of the
components a and b, respectively. The / is the respective volume
fractions. The density of the ZrO2@BA-KH570 is 2.619 g/mL deter-
mined by TGA and NMR results. The respective volume fractions
of ZrO2@BA-KH570 were 0, 2.3, 4.7, 9.9, 15.9, 30.6 wt% for the
hybrid films with ZrO2@BA-KH570 weight ratio of 0, 5, 10, 20, 30,
50 wt%. The refractive indexes of various films were measured
and the results are presented in Fig. 7c, in which the refractive index
of the hybrid film exhibited a significant linear correlation with the
content of ZrO2@BA-KH570 nanoparticles in the range of 0–30.6 wt
%. The fitting formulas were obtained as y = 0.00152x + 1.51099 for
ZrO2/epoxy hybrid nanocomposites. The theoretical calculation
refractive index of ZrO2@BA-KH570 nanoparticles is 1.662, which
is lower than those of pure bulk ZrO2 crystals (n = 2.2) (Lu and
Yang, 2009). These results were attributed to the effects of surface
molecules of BA and KH570 with low refractive index. The thermal
stabilities of the various epoxy/ZrO2 hybrid films were investigated
by a TGA analysis. As the results shown in Fig. 7d, the decompose
temperature (Td) at 10 wt% loss for pure epoxy was around
250 �C, while the Td values of epoxy/ZrO2 hybrid films at 10 wt%
loss were over 250 �C.

To assess the potential of ZrO2 nanodispersion for LEDs encap-
sulation, LEDs devices encapsulated by ZrO2/epoxy nanocompos-
ites with different ZrO2 contents were fabricated and the
luminous flux values were measured. Fig. 8a shows the schematic
diagram of LED encapsulation structure and the schematic diagram
of total reflection at its interface. According to Snell’s law, a total
reflection occurs at the chip encapsulation interface due to the dif-
ference of refractive index values between the chip and encapsula-
tion material (Fujii et al., 2004; Huang et al., 2015). In view of this,
light produced by LED chip is totally reflected back, or trapped, in
other word, inside the chip when the light incident angle is equal
or larger than the critical angle, resulting low extraction of light.

hc ¼ arcsinðnencapsulation

nchip
Þ

Therefore, the value of refractive index is one of the most
important parameter while evaluating the performance of the
encapsulation material to make devices with high light extraction
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efficiency. Fig. 8b and c shows the photographs of a typical blue
LED device and the spectrum of the light from the chip, respec-
tively. As the results shown in Fig. 8d, the luminous flux of our
LEDs devices encapsulated with pure epoxy was 14.28. With the
addition of ZrO2 nanoparticles in the epoxy for encapsulation, the
luminous flux of the LEDs was enhanced, which was attributed
to the enhanced refractive index values of the encapsulation. A
maximum in luminous flux was observed with a value of 15.79
for the LEDs encapsulated with 20 wt% of ZrO2@BA-KH570
nanoparticles, which was increased by 10.57% compared with the
control devices under 300 mA electric current. It was noted that
although the hybrid encapsulation films with 30 wt% and 50 wt%
of ZrO2@BA-KH570 exhibited higher refractive index values than
the film doped with 20 wt% of ZrO2@BA-KH570 (Fig. 8d and e),
the light extraction efficiency of the devices was lower due to
the lower transmittance of the films (Fig. 7b). These experimental
results have suggested that ZrO2 nanodispersion synthesized by
the newly developed high-gravity-assisted approach can be used
as fillers for potential applications in LEDs encapsulation with
enhanced light extraction efficiency.

4. Conclusion

In summary, we develop a novel high-gravity-assisted approach
for scalable synthesis of ZrO2 nanoparticles based on the use of an
internal circulation RPB reactor. The optimal conditions for the
synthesis of high quality ZrO2 nanoparticles with average size of
4 nm were confirmed to be work with high gravity level of 182
for 5 h. Followed by a two-step surface modification method for
grafting the zirconia nanoparticles with BA and KH570 structures,
the ZrO2 nanoparticles can be dispersed well in organic solvents
such as THF, TCM, DCM, MIBK and Hacac with average hydrody-
namic size of 10 nm. Furthermore, transparent hybrid encapsula-
tion material of LEDs devices was prepared by doping ZrO2

nanodispersion in epoxy resin. Compared to the devices encapsu-
lated by pure epoxy, the use of ZrO2/epoxy hybrid encapsulation
benefited the light extraction efficiency of LEDs, increasing up to
10 percent, due to the enhanced refractive index and high trans-
mittance of the hybrid material. This study presents an effective
method for highly dispersed sub-10 nm zirconia nanoparticles in
moving toward their commercialization and advanced applications
in optical devices for saving energy.
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