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ABSTRACT: In this study, we report a facile ex situ approach to preparing transparent dispensible high-refractive index ZrO2/epoxy

nanocomposites for LED encapsulation. Highly crystalline, near monodisperse ZrO2 nanoparticles (NPs) were synthesized by a nona-

queous approach using benzyl alcohol as the coordinating solvent. The synthesized particles were then modified by (3-glycidyloxypro-

pyl)trimethoxysilane (GMS) ligand. It was found that, with tiny amount of surface-treating ligand, the modified ZrO2 NPs were able

to be easily dispersed in a commercial epoxy matrix because of the epoxy compatible surface chemistry design as well as the small

matrix molecular weight favoring mixing. Transparent thick (1 mm) ZrO2/epoxy nanocomposites with a particle core content as high

as 50 wt % and an optical transparency of 90% in the visible light range were successfully prepared. The refractive index of the

prepared composites increased from 1.51 for neat epoxy to 1.65 for 50 wt % (20 vol %) ZrO2 loading and maintained the same

high-Abbe number as the neat epoxy matrix. Compared with the neat epoxy encapsulant, an increase of 13.2% in light output power

of red LEDs was achieved with the 50 wt % ZrO2/epoxy nanocomposite as the novel encapsulant material. VC 2013 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 000: 000–000, 2013
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INTRODUCTION

Solid-state lighting, most commonly seen in the form of

light-emitting diodes (LEDs), has the potential to revolutionize

the efficiency, appearance, and quality of lighting.1 Unlike

conventional light sources, virtually all LED packages are encap-

sulated by a transparent polymeric material to help reduce the

refractive index (RI) mismatch between the semiconductor LED

dies and air, thereby improve the light-extraction efficiency.2–7

High-RI encapsulant materials are needed to fundamentally

alleviate the interface index mismatch and improve the effi-

ciency of LEDs. Epoxy resins have been used as one of the most

popular encapsulant materials for LEDs because of its good

adhesion properties, mechanical robustness, and relative

high-RI.3,4,6,7 However, the RI of the most widely used

bisphenol-A type epoxy encapsulant is limited below 1.55.6,7

Incorporation of high-RI nanoparticles (NPs) into epoxy resins

has been pursued to effectively improve RI of the resultant

nanocomposites.8,9 However, most of the reported work has

focused on thin films with a typical thickness less than 20

lm.8,9 To be compatible with the current LED encapsulation

design and processing, transparent dispensible thick (with a

thickness up to 1 mm) nanocomposites are desired to form a

dome-shaped encapsulant to fully extract the emitted light.10

Technologically, in situ bulk polymerization of monomers initi-

ated by c-ray radiation or UV light has been used to prepare

bulk transparent high-RI polymer nanocomposites.11,12

However, the in situ polymerization technique has so far only

been applied to limited types of polymers and this technique is

not compatible with LED packaging processes. So far, the prep-

aration of thick transparent dispensible epoxy-based nanocom-

posites via an ex situ method has not been previously reported.

Moreover, the effectiveness of the high-RI nanocomposites on

improving the light efficiency of LED packages has not yet been

studied.

It is still a grand challenge to achieve stable dispersion of NPs

within epoxy matrices by a simple method, although great

efforts have been made in the past and limited success has been

achieved only with filler concentrations less than 5 wt %.13,14 To

prepare transparent high-RI nanocomposites, the effective

nanofiller-dispersing technology is the key. Typically, RI of the

composites depends on the volume fraction of the high-RI filler.

Because the high-RI inorganic fillers have a high density, usually

a high loading (>30 wt %) is needed to effectively increase the

RI of the nanocomposites.15–18 Previously, we obtained good

dispersions of poly(glycidyl methacrylate)-grafted TiO2 NPs

within epoxy matrices and achieved a 30 wt % particle-loading

concentration.16–18 Compared with the widely used high-RI
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TiO2 particles, ZrO2 particles are less photocatalytic and are

considered as more stable RI booster for polymers.19 In the

present work, we report the preparation of transparent bulk

epoxy nanocomposites with a high-loading concentration

(50 wt %) of ZrO2 NPs by a simple and industrially more

attractive route. Our approach combines the surface chemistry

of the as-synthesized NPs with an effective postsynthesis surface

ligand treatment to compatibilize the modified ZrO2 NPs with

a commercial epoxy matrix. We have successfully prepared

colorless thick (1 mm) ZrO2/epoxy nanocomposites. The optical

properties (RI, transparency) and thermal stability of the

nanocomposites were thoroughly characterized. Finally, we

demonstrated that compared with the commercial epoxy-

encapsulated LED, the prepared high-RI ZrO2/epoxy nanocom-

posites with a RI of 1.65 increased the light output of red LEDs

by 13.2%.

EXPERIMENTAL

Materials

Zirconium (IV) isopropoxide isopropanol complex and benzyl

alcohol (anhydrous, 99.8%) were purchased from Alfa Aesar

and Sigma-Aldrich, respectively. GMS was ordered from Gelest.

Epoxy kit 301-1 was purchased from Epoxy Technology.

Surface Modification of ZrO2 NPs

ZrO2 NPs were synthesized via a nonaqueous synthetic route

based on the procedure previously reported by Garnweitner

et al.20 In a typical synthesis, 2.22 g of zirconium isopropoxide

isopropanol complex was dissolved in 30 mL of benzyl alcohol,

and the mixture was transferred to a 45 mL stainless steel

pressure vessel (Parr), which was heated to 240�C for 4 days.

The as-synthesized milky ZrO2 NP suspension within benzyl

alcohol was subjected to a high-speed centrifugation (10,000

rpm) for 10 min. Then the precipitated particles were immedi-

ately dispersed into tetrahydrofuran (THF). Typically, 0.7 g of

the as-synthesized ZrO2 NPs was dispersed into 20 mL of THF.

Subsequently, 200 lL of GMS was added into the dispersion

and the dispersion, which was then sonicated at room tempera-

ture for 30 min. After sonication, the dispersion changed from

milky to transparent. The mixture was further subjected to a

high-speed centrifugation to obtain a transparent dispersion of

modified ZrO2 particles in THF.

Preparation of ZrO2/Epoxy Nanocomposites

The obtained transparent ZrO2 NP dispersion (20 mL) was put

into a vacuum oven to remove the solvent at room temperature

and was condensed to a solution of 5 mL. Then, diglycidyl ether

of bisphenol-A epoxy resin (epoxy 301-1 part A) was added

into the dispersion and the mixture was subjected to a final sol-

vent removal process in a vacuum oven overnight. Finally, the

curing agent (epoxy 301-1 part B, trimethyl-1,6-hexanediamine)

was added into the mixture at a weight ratio of 1:4 with the

resin part A. The resultant mixture was drop cast onto glass

substrates followed by thermal curing at 80�C for 45 min.

Measurement and Characterization

Powder X-ray diffraction (XRD) patterns for ZrO2 NPs were

recorded with a PANalytical X’Pert Pro Diffractometer using Cu

Ka radiation (k 5 1.5405 Å) in the 2h range from 20 to 100�

(step of 0.01�). Fourier transform infrared (FTIR) spectra were

obtained on a PerkinElmer Spectrum One FTIR Spectropho-

tometer scanning from 450 to 4000 cm21 with a resolution of 4

cm21 for 10 scans. Thermogravimetric analysis (TGA) was done

on a PerkinElmer Series 7 instrument. The sample was heated

from 30�C to 700�C under a 90 mL min21 nitrogen flow at a

heating rate of 10�C/min. Transmission electron micrographs

were obtained using a JEOL-2010 transmission electron micro-

scope (TEM) operating at 200 kV. TEM samples were prepared

by embedding ZrO2/epoxy nanocomposites into a microscopy

epoxy matrix and cutting the embedded composites into 50 nm

slices at room temperature with a RMC PowerTome microtome.

RI dispersions of neat epoxy and ZrO2/epoxy nanocomposites

were measured on a variable angle spectroscopy ellipsometer

(VASE, J.A. Woollam Co., Inc., Lincoln, NE) at three different

incident angles (65, 70, and 75�) on a spin-coated sample on a

Si wafer. The measured results were fitted with the Cauchy

model with a typical mean square error less than 5. Transmit-

tance spectra of the neat epoxy and ZrO2/epoxy nanocomposites

on glass substrates were measured with a Perkin-Elmer Lambda

950 UV–vis–NIR spectrophotometer using air as the reference.

Neat epoxy and 50 wt % ZrO2/epoxy nanocomposites were

dispensed onto unencapsulated LED packages (PR2N-1LRS

package on MCPCB, provided by ProLight Opto Technology

Corporation) with the same bin of LED dies forming a dome.

The encapsulants were then cured by placing the encapsulated

LED package on a hotplate at 100�C for 30 min. The light-

emission spectra and light-emission efficiency of unencapsulated

LED packages, LED packages encapsulated with neat epoxy and

with 50 wt % ZrO2/epoxy nanocomposites were measured

within an integrating sphere.

RESULTS AND DISCUSSION

Characterization of Synthesized Particles

Figure 1(a) shows a TEM image of the homogeneously dis-

persed as-synthesized ZrO2 NPs on a copper grid. The particle

size distribution was obtained using Image J by counting at least

200 particles from the TEM image. As shown in Figure 1(b),

the particles exhibit a narrow size distribution with an average

diameter of 3.8 nm. The uniform particle size distribution

should be attributed to the slow reaction rate of the nonaqu-

eous synthetic route as well as to the stabilization effect from

the benzyl alcohol coordinating solvent.20 The XRD pattern in

Figure 1(c) indicates that the synthesized particles are highly

crystalline and all the diffraction peaks can be assigned to the

cubic zirconia phase (JCPDS No: 49–1642).21 The sealed

reaction condition within the pressure vessel and high reaction

temperature at 240�C favor high crystallinity, thereby ensuring

the high-RI feature of the synthesized ZrO2 particles as filler

materials. Based on the broadening of the (111) diffraction

peak, using the Scherrer’s equation, the size of the NPs was

calculated to be 3.8 nm, which is the same value as that esti-

mated from the TEM image. Figure 1(d) shows that the

as-synthesized particles formed a milky dispersion within THF.

Also shown by the photograph in Figure 1(d), the synthesized

ZrO2 particles are white powders after the removal of the THF

solvent. Therefore, the small particle size, uniform size distribu-

tion, high crystallinity, and potentially better stability features
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enabled ZrO2 NPs to be used as one of the most desired

high-RI nanofillers.22 Another important feature of this nona-

queous synthetic approach is the ease of scaling up production

of high-quality particles by simply using a large volume pressure

vessel.

The ZrO2 NPs were obtained via a condensation reaction of

zirconium isopropoxide precursor within benzyl alcohol, which

involves a ligand exchange and an ether elimination process.20

After the reaction, the particle surfaces were decorated with

benzylmethoxyl species because of the condensation reaction

between zirconium isopropoxide precursor and benzyl alcohol.

It was reported that the benzyl alcohol solvent could also be

adsorbed onto the as-synthesized particles via hydrogen bonding

with surface hydroxyl groups.23 The attached benzyl alcohol has

a bulky phenyl group that can provide weak surface stabiliza-

tion. However, without introducing additional ligands, the

as-synthesized ZrO2 particles cannot be dispersed within THF

as evidenced by the milky dispersion shown in Figure 1(d).

Surface Mof ZrO2 NPs

The TGA curve in Figure 2 reveals a 10% weight loss of the

as-synthesized ZrO2 particles because of the decomposition of

the bound organic component. Two distinctive stages of weight

loss were observed. The weight loss stage below 300�C can be

attributed to physically adsorbed hydroxyl and organic volatiles,

while the other stage above 300�C can be because of chemi-

sorbed organic groups (including benzylmethoxyl and benzoate

species).24 Even after being washed three times with THF, there

was no change in weight loss above 300�C indicating that the

benzyl alcohol was chemically bound onto the ZrO2 particles.

FTIR spectrum of the as-synthesized ZrO2 particles in Figure 3

Figure 2. TGA curves of the as-synthesized and GMS-modified ZrO2 NPs.

Figure 1. Characterization of as-synthesized ZrO2 NPs: (a) TEM image; (b) particle size distribution measured by Image J software; and (c) XRD pat-

tern; (d) appearances of the wet particle dispersion within THF and dry powders after removal of solvents. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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shows that in addition to the characteristic absorption band at

500–600 cm21 associated with the Zr–O bond, the absorption

bands at 1400–1600 cm21 assigned to the absorbed benzyl alco-

hol are observed. Surprisingly, with a minute amount of GMS

ligand the dispersion turned transparent after sonication for 10

min. TGA curve in Figure 2 shows a 20 wt % weight loss for

the GMS-modified particles. The successful modification of

ZrO2 particles was further demonstrated by characteristic peaks

of the epoxy ring at 910 and 1195 cm21. Compared with the

characteristic silanol peak at 820 cm21 in the FTIR spectrum of

GMS, the stretching vibration peak shifted to 800 cm21 after

the formation of the Si–O–Zr bond. The other silane distinctive

band at 1087 cm21 is because of the asymmetric Si–O–Si

stretching. These peaks indicate that GMS is chemically bonded

onto ZrO2 particles via the condensation between the methoxyl

group from GMS and the hydroxyl groups on the particle. It

was also noticed that the benzyl alcohol characteristic peaks in

the range of 1400–1600 cm21 are still present on the GMS-

modified ZrO2 particles. As shown by the TGA curve, the

weight loss around 500�C associated with the decomposition of

benzyl alcohol was also observed in the GMS-modified ZrO2

particles.

The modified ZrO2 particles were decorated with epoxy func-

tional groups enabling them to be compatible with the epoxy

matrix. The miscibility and dispersion of the surface-modified

particles within polymer matrices are affected by their enthalpic

compatibility and mixing entropy with the matrix polymers.25,26

The mixed phenyl groups from the adsorbed benzyl alcohol and

epoxy groups from the covalently bonded GMS ligands provide

sufficient chemical similarity with the bisphenol-A epoxy matrix

(Figure 4). Furthermore, the commercial epoxy matrix has a

small molecular weight (�340 g mol21) which favors mixing

and wetting with the GMS-modified ZrO2 particles. Practically,

in order to improve the refractive index of the nanocomposites,

it is imperative to minimize the amount of grafted ligand and

thereby realize high loading of the high-RI particle cores.

Assuming an average area of 24 Å2 per OH surface group

(a graft density of 4 chain/nm2), it would require 30 wt % of

GMS to fully cover the ZrO2 particle surfaces, if only one sur-

face hydroxyl group was considered to react with each GMS

ligand. If all the three methoxyl groups from the GMS ligand

react with three hydroxyl groups on the particle surface, 10 wt

% GMS ligand would be enough to modify the ZrO2 particles.

As mentioned before, some of the hydroxyl groups on the

as-synthesized particles were coupled with benzyl alcohol,

meaning that there will be a limited number of hydroxyl groups

available for the reaction with GMS ligands. Experimentally, we

achieved transparent dispersions of ZrO2 particles within

bisphenol-A epoxy matrix with less than 10 wt % GMS ligand,

enabling the preparation of transparent nanocomposites filled

with very high ZrO2 particle loading.

Dispersion of ZrO2/Epoxy Nanocomposites

Figure 4 shows that the GMS-modified ZrO2 NPs formed a

stable, colorless dispersion within the epoxy matrix after thor-

ough removal of the solvent. After adding cross-linking agent,

the nanocomposite can be easily applied onto a glass substrate

and be dispensed onto the LED package. Figure 5 presents TEM

images of ZrO2/epoxy nanocomposites filled with

GMS-modified ZrO2 particles at 10, 30, and 50 wt % loading of

particle cores (10.4, 30.6, and 46.8 wt % determined from TGA

Figure 3. FTIR spectra of the as-synthesized, GMS treating agent and

GMS-modified ZrO2 NPs.

Figure 4. Illustration of surface modification of as-synthesized ZrO2 NPs with GMS ligand and preparation process of ZrO2/epoxy nanocomposites.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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measurement) under low and high magnification. The ZrO2

particles are homogeneously dispersed within the epoxy matrix

without any observable agglomerates. It can be seen that with

higher filler loading the particles are more densely distributed

but without forming any clusters. As demonstrated by the TEM

image at a high magnification, the GMS-modified ZrO2

particles were randomly dispersed. Within the 50 wt % loading

concentration sample, it can be seen that the ZrO2 particles are

so closely packed that they start to connect with one another.

Surprisingly, the prepared nanocomposites are still highly trans-

parent. This observation further highlights the importance of

the uniform dispersion of NPs in suppressing scattering losses

and achieving high optical transparency of the nanocomposites.

Moreover, effective surface modification with tiny amount of

the GMS ligands enables the high particle core loading in the

final nanocomposites.

Optical Properties of ZrO2/Epoxy Nanocomposites

Figure 6(a) shows the RI dispersion of the ZrO2/epoxy nano-

composites in the wavelength range of 400–800 nm fitted by the

Cauchy model, which expresses the refractive index as

n kð Þ5An1 Bn

k 2 1 Cn

k 4, where k is the wavelength, An, Bn, and Cn

Figure 5. TEM images of ZrO2/epoxy nanocomposites with different loading concentrations of ZrO2 NPs under low and high magnifications: (a, b) 10;

(c, d) 30; and (e, f) 50 wt %.

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39652 5

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


are constants. As revealed in the following section, because of

the high optical transparency of the nanocomposites in the

visible light 400–800 nm range, there is essentially no absorp-

tion loss and ellipsometery measurement shows the imaginary

part (k) of RI is almost zero. When measured by ellipsometer,

the imaginary part of the RI was approximated to be zero and

only the real part was listed. The RI of the nanocomposites

increases from 1.51 for the neat epoxy matrix to 1.58 and 1.65

for the 30 and 50 wt % core loading concentrations, respec-

tively. Assuming that the ZrO2 particle and epoxy matrix have a

density of 5.68 and 1.5 g cm23, respectively, 30 and 50 wt %

loading concentration correspond to 10 and 20.1 vol %, respec-

tively. As indicated by Figure 6(b), the RI of the nanocompo-

sites at 600 nm shows a good linear dependence with the

volume fraction of the ZrO2 filler particles with the assumption

that the RI of particles being 2.2. This is also consistent with

our previous experimental results in homogeneously dispersed

TiO2 nanocomposites.16 Theoretically, Maxwell–Garnett theory

was used to model the RI dependence of composites filled with

homogeneously distributed monodispersed spherical particles.

Effective medium theory such as Bruggeman model further

relaxed the requirement of filler particle size distribution in the

composites.27 However, as pointed out by Rao et al.,28 generally

the linear approximation is a good estimation for nanocompo-

sites with good dispersion especially at low volumetric filler

loading concentrations. Careful examination of the slope of the

refractive index dispersion reveals that all the nanocomposites

have a high-Abbe number (around 50) close to that of the neat

epoxy matrix. Typically, incorporation of high-RI NPs sacrifices

the Abbe number of the nanocomposites. The high-Abbe num-

ber of the prepared ZrO2/epoxy nanocomposites should be

ascribed to the high intrinsic Abbe number of ZrO2 particles.21

A large Abbe number means low optical dispersion and smaller

chromatic aberration. The ZrO2/epoxy nanocomposites would

overcome the shortcoming of other high-RI nanocomposites

and would have wider and more important applications as opti-

cal materials for such as lenses, prisms, and waveguides.29

Figure 6(c) presents the transmittance spectra of the 1 mm

thick neat epoxy and ZrO2/epoxy nanocomposites with different

loadings on a glass substrate. The inset pictures show the

appearance of the prepared 1 mm thick colorless 30 and 50 wt

% ZrO2/epoxy samples. Neat epoxy shows a transparency of

90% in the whole visible 400–800 nm range and a sharp UV

cutoff at 300 nm. After the incorporation of ZrO2 particles, the

nanocomposites demonstrate enhanced UV-shielding capabilities

with increasing particle loadings. The 50 wt % ZrO2/epoxy sam-

ple almost totally blocks the UV light between 300 and 400 nm.

Unlike the well-known strong UV-absorbing TiO2 and ZnO par-

ticles, ZrO2 particles are not efficient UV-absorbers and ZrO2

typically has a larger band gap (5–7 eV).19,21 The weak UV-

shielding effect of ZrO2 particles was further evidenced by the

slight decrease of the transmittance of the nanocomposites filled

with 10 wt % ZrO2 particles in the UV range. In the visible

light range, the ZrO2/epoxy nanocomposites maintained almost

the same high transparency as the neat epoxy.

Despite numerous reported measurements of the optical trans-

mittance of the high-RI nanocomposites, very few efforts have

been made to analyze the scattering behavior of polymer nano-

composites, especially for the thick nanocomposites.9 Possibly it

is because of the lack of good dispersions of NPs and the broad

Figure 6. Optical properties of ZrO2/epoxy nanocomposites: (a) RI dis-

persion; (b) dependence of RI at 600 nm on loading fraction of ZrO2

NPs; and (c) transmittance spectra. The dash dot, dash line, and solid

lines are the calculated transmittance spectra from the Rayleigh scattering

model. The inset shows the appearance of colorless nanocomposites on a

glass substrate. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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particle size distribution of the fillers. Chung et al.19 reported

that the scattering behavior of their ZrO2/epoxy nanocompo-

sites was more consistent with the Mie theory and the optical

transparency of the nanocomposite deteriorated dramatically

with increasing the thickness of the sample. This could be

related with the formation of particle clusters, which were

observed in their composites. Given that the ZrO2 particle size

is much smaller than the wavelength of the incident visible

light, here the Rayleigh scattering law was applied to understand

the measured transmittance spectra in the visible light range.

According to the Rayleigh scattering law,30 the transparency for

polymer nanocomposites can be described by eq. (1):

TPNC 50:93exp 2
32p4upxr3n4

m

k4

np=nm

� �2
21

np=nm

� �2
12

" #( )
(1)

where TPNC is the transmittance of the nanocomposites, k is the

wavelength of the incident light, up is the volume fraction of

particles, r is the particle radius (1.9 nm), x is the optical path

length (thickness of the sample, 1 mm), and np and nm are the

RI of the NPs (2.2) and the matrix (1.5), respectively. The dash

dot, dash line, and solid line in Figure 6(c) present the

predicted transmittance spectrum for 10, 30, and 50 wt% ZrO2/

epoxy nanocomposites. As shown by the overlapped transmit-

tance spectra, the theoretical prediction from the Rayleigh

scattering model agrees very well with the experimental meas-

urements for 10 and 30 wt% loading sample. The slight devia-

tion between experimental transmittance and theoretical

prediction for the 50 wt % loading sample might be attributed

to the increased reflection loss of the high-RI nanocomposites

at the nanocomposite/air and nanocomposite/substrate interfa-

ces. Compared with 30 wt % loading sample (n 5 1.58), the 50

wt% ZrO2/epoxy nanocomposites (n 5 1.65) would have 2%

more reflection loss.31 Overall, the transmission behavior of the

homogeneously dispersed ZrO2/epoxy nanocomposites was rea-

sonably well described by the Rayleigh scattering model. The

good agreement should be attributed to the uniform dispersion,

the near monodisperse particle size, and the relative small RI

mismatch between the epoxy matrix and the ZrO2 particles.

The flat transmittance spectra further echo the homogeneous

dispersion of the GMS-modified ZrO2 NPs and the effective

suppression of transparency loss because of scattering. The

slight decrease of transparency in the high loading samples

especially at low wavelength should be attributed to the inherent

Rayleigh scattering loss.

Thermal Stability of Nanocomposites

Figure 7 shows the TGA curves for the neat epoxy and epoxy

nanocomposites filled with 10, 30, and 50 wt % GMS-modified

ZrO2 NPs. All the ZrO2/epoxy nanocomposites exhibit nearly

the same good thermal stability as the neat epoxy matrix

without significant weight loss up to 350�C in nitrogen. The

neat epoxy matrix showed a very sharp degradation transition

because of the optimized chemical composition. By contrast,

the nanocomposite samples start to lose weight at temperatures

above 200�C, although the weight loss is relatively small. The

early stage weight loss and broader degradation transition is

considered to be related to the adsorbed organic species from

the added ZrO2 particles and the disturbed cross-linking

network of the epoxy matrix.6,32

In addition to the high-RI, high optical transparency, and good

thermal stability features, LED encapsulant materials, especially

those applied on high-brightness LEDs, also require good resis-

tances against yellowing. Therefore, the ZrO2/epoxy nanocom-

posites were subjected to an accelerated thermal aging test at

150�C for 24 h under an air atmosphere. As shown in

Figure 8(a), after thermal aging, the neat epoxy and 10 wt%

nanocomposite samples almost maintained the same transmit-

tance spectra as before. However, the 30 and 50 wt % samples

strongly absorbed the light in the range of 400–550 nm. The

appearance of the samples changed from colorless to yellow as

shown by the inset photographs. At higher loading concentra-

tions, the 50 wt% sample showed a deeper yellow color. Epoxies

were known for suffering yellowing issues especially after expo-

sure to heat and short-wavelength light radiation. Both the

bisphenol-A diglycidyl ether and amine-curing part are not

thermally stable. For example, the bisphenol-A diglycidyl ether

part can be easily oxided to form carbonyls, which essentially

are chromophores. However, it is expected that ZrO2 particles

do not behave as traditional photocatalytic high-RI TiO2 NPs

accelerating decomposition of organic polymers. As pointed out

by Bae et al.,6,7 the yellowing of nanocomposites observed

within high filler loading concentration samples might be

related to insufficient cross-linking caused by the addition of

GMS-modified ZrO2 particles. The unreacted excessive epoxy

groups or amine-curing agents as well as the adsorbed benzyl

alcohol can act as sources of thermal oxidation and appear as

yellowing. Therefore, optimizing the composition of the epoxy

resin and curing agent in the nanocomposites would offer a

potential solution to minimize the yellowness. Figure 8(b) plots

the change of transmittance after aging. The absorptions of the

low-wavelength visible light for the 30 and 50 wt % samples are

obvious. Unlike the smooth spectra in Figure 6, some bumps

were observed in the aged samples as shown in Figure 8(a).

These bumps might be related with the change of surface

roughness of the sample after the high-temperature aging

Figure 7. TGA curves of neat epoxy and epoxy nanocomposites filled with

GMS-modified ZrO2 NPs.
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process. However, the ZrO2/epoxy nanocomposites maintained

essentially the same high optical transparency in the long wave-

length 600–800 nm range after the thermal aging test.

Encapsulation of LED Packages

Considering the nondeteriorated transmittance at long

wavelength range after thermal aging, the prepared high-RI

ZrO2/epoxy nanocomposites were used to encapsulate red LED

packages. The homogeneously dispersed ZrO2/epoxy nanocom-

posites maintained such good processability that they can be

easily dispensed onto an LED package forming a well-defined

dome-shape encapsulant. As shown by Figure 9(a), compared

with unencapsulated LEDs, the encapsulated LEDs demon-

strated higher light output and maintained the same symmetric

emission peak centered around 630 nm. Integrating the area

below the flux spectra yields the light output power. As shown

in Figure 9(b), the LED light output power increases linearly

with the refractive index of the encapsulant (nencapsulant). After

encapsulation with neat epoxy and ZrO2/epoxy nanocomposites

(n 5 1.65), the light output increased by 56.6% and 77.2%,

respectively. Compared with the LED encapsulated with com-

mercial neat epoxy, the LED encapsulated with 50 wt% ZrO2/

epoxy nanocomposites showed an increase of 13.2% in light

output. The previous 3D ray-tracing simulation carried out by

Ma et al.5 showed that, when nencapsulant is smaller than 2.0, the

light-extraction efficiency increases quasi-linearly with nencapsu-

lant for AlGaNInP red LEDs. The measured experimental results

follow this theoretical prediction. Chung et al.19 found that if

the nanocomposites are translucent there was no obvious

improvement of light intensity of LEDs. Owing to the homoge-

neous dispersion achieved by our approach, it is expected that

the high-RI ZrO2/epoxy nanocomposites could be used as new

high-efficiency and stable encapsulant materials for red LEDs in

the wavelength of 600–800 nm range and longer wavelength

infrared LEDs. The future work would be to improve the stabil-

ity of the nanocomposites against yellowing with optimized

chemical compositions to enable them to be used as stable,

high-efficiency encapsulant materials for blue LEDs as well.

CONCLUSIONS

In this work, we report a simple method to prepare bulk trans-

parent high-RI ZrO2/epoxy nanocomposites. With the

Figure 9. (a) Spectral scan of bare red LED chips and LED chips encapsu-

lated with neat epoxy and ZrO2/epoxy nanocomposites and (b) measured

light output as a function of the RI of the encapsulant for red LEDs.

Figure 8. (a) Transmittance spectra and (b) transmittance change of neat

epoxy and ZrO2/epoxy nanocomposites with a thickness of 1 mm after

thermal aging at 150�C for 24 h. The inset shows the appearance of trans-

parent yellow nanocomposites on a glass substrate. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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comprehensive control and understanding the surface chemistry

of the synthesized ZrO2 NPs and effective post surface ligand

engineering, homogeneous dispersions of GMS-modified ZrO2

NPs within a commercial epoxy matrix were achieved with a

high ZrO2 core content up to 50 wt %. All the bulk ZrO2/epoxy

nanocomposites demonstrated a high transparency (�90%) and

their transmittance spectra were successfully described by a

modified Rayleigh scattering model. The prepared nanocompo-

sites also exhibited good thermal stability. Compared with the

commercial neat epoxy encapsulant, the red LED package

encapsulated with the 50 wt% ZrO2/epoxy nanocomposites

showed more than 10% increase in light output.
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