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a b s t r a c t

Multifunctional, ultraviolet (UV)-opaque, visible-transparent and light-emitting materials with tunable
luminescence colors are highly desirable for many applications in areas of ultraviolet shielding, light-
emitting diodes and optical lenses etc. In this work, ZnO quantum dots (ZnO-ODs) with various sizes are
first synthesized using a simple solegel route and novel multifunctional ZnO-QD/silicone composites
with tunable luminescence colors are then prepared via a simple direct mixing method by uniformly
dispersing ZnO-QDs in the silicone matrix. The structure and morphology of the ZnO-QD/silicone
composites are characterized using high resolution transmission electron microscopy and attenuated
total reflection Fourier transform infrared spectroscopy. UVevis spectrometer and fluorescent photom-
eter are used to study the optical properties of ZnO-QD/silicone composites. The results show that the
ZnO-QD/silicone composites are opaque in the UV region, transparent in the visible region and also light-
emitting with tunable luminescence colors from blue to yellowegreen.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Ultraviolet (UV) radiation causes sun-tanning and sun-burn
[1e4]. Sun-tanning is caused by both UV-A (400e320 nm) andUV-B
(320e290 nm) radiation while sun-burn is mainly caused by UV-B
radiation [1,4]. During the past decades, the ozone layer has long
been depleted and the ultraviolet radiation dosage profoundly
increased owing to changes in atmospheric composition [5,6]. UV
exposure can cause skin cancer, accelerate aging of skin through the
formation of wrinkles and blotches, and induce other deleterious
effects on the human skin [5,7]. However, UV rays are often used to
excite visible lights in thedevelopmentof light-emittingdiode (LED)
devices [8e12]. Encapsulatingmaterials, such as epoxy resin, etc, do
not filter UV rays; and UV light may leak from these materials to
harm the human skins or eyes. Hence,many studies have focused on
the development of UV-shielding materials, especially composites
[6,13e16]. In many applications like UV-shielding windows, contact
lenses and encapsulatingmaterials, bulk transparentmaterials with
high UV-shielding efficiency are desirable. In recent studies
[6,13e16], polymer matrices used to prepare UV-shielding
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composites include epoxy resins, poly(styrene butylacrylate), poly-
methylmethacrylate, etc., which are not UV-resistant. Hence, it is
necessary to develop truly transparent UV-shielding composites
based on UV-resistant polymers in bulk forms suitable for UV-
protection applications. In this investigation, a UV-resistant trans-
parent silicone resin is selected to prepare multifunctional silicone
composites with excellent UV-shielding capability.

ZnO is an important and attractive semiconducting material. As
a light-emitter, it can ensure efficient excitonic emission at room
temperature [17,18]. Nano-ZnO has many significant physical and
chemical properties like high catalysis activity, high strength,
chemical stability, high luminous transmittance, low dielectric
constant, effective anti-bacterial and bactericide, and intensive
ultraviolet absorption [15,19]. Hence, nano-ZnO can be applied to
catalysts, gas sensors, semiconductors, piezo-electric devices, field-
emission displays, photo-protective or UV-shielding materials, etc
[20e22]. Since Spanhel and Anderson [23] investigated the growth
of colloidal ZnO nanoparticles using zinc acetate anhydrate and
lithium hydroxide as starting materials and ethanol as solvent, this
route has beenwidely adopted to prepare ZnO quantum dots (QDs)
in sols [8e10,24e29]. However, fine ZnO-QDs will grow continu-
ously during storage, even stored at 0 �C, unless surface modifica-
tion is applied. To avoid continuous growth of ZnO-QDs, capping
agents, e.g., 3-aminopropyltrimethoxysilane, mercaptosuccinic
acid and tetraethyl orthosilicate, are used to cap the ZnO-QDs to
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Fig. 1. Schematic diagram for preparation of ZnO-QD/silicone composites.
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slow down the particle growth in sols [30]. Polymers such as poly
(vinyl pyrrolidone) [31], poly(ethylene glycol) [32,33], polystyrene
[34], poly(ethylene glycol methylether) [35], poly(methylmeth-
acrylate) [18,36e38] poly(hydroxyethyl-methacrylate) [39] and
polyethylene oxide [40] are also used as capping molecules to
restrict the growth of ZnO nanocrystals. But only limited work has
been reported on bulk ZnO-QD/polymer nanocomposites, in which
the polymer matrix will restrict the growth of the ZnO-QDs
[6,8,9,18].

Silicone is a kind of transparent thermosetting materials that
include siliconwith carbon, hydrogen, oxygen, and sometimes other
chemical elements [41e43]. Silicone polymer chemistry and struc-
ture provide different types of silicones within a broad spectrum of
compositions that make silicone a viable candidate for numerous
high-brightness (HB) LED packaging applications [43]. Modification
of polymer chemistry can produce a silicone with a refractive index
between 1.38 and 1.60. Hence, silicone resins serve as alterative
materials to epoxy resins in a variety of LED devices [44e46].
Compared to transparent epoxy resins, the key attributes of silicone
resins include their perfect transparency in the visible region,
controlled refractive index (RI), high optical clarity, excellent
thermal stability and UV-resistance [43,47]. But silicone resins do
not filter UV rays which may leak out from the LED devices to harm
human skins or eyes. Thus UV-shielding inorganic materials like
ZnO, TiO2 and SiO2 [48,49] can be used to overcome this deficiency.
ZnO-QDs are excellent photo-luminescent semiconductors which
can emit high luminescence with colors from blue to yellow under
the excitation of UV light [6,23,32,35]. Hence, the combination of
quantum-sized ZnO particles as nano-filler and silicone as matrix is
of scientific and technological significance since the compositesmay
show the high luminescence of quantum dots and complementary
merits of silicone resins. However, fabrication of UV-shielding and
light-emitting ZnO-QD/silicone composites has not been reported
till now and the preparation of bulk transparent and luminescent
ZnO-QD/silicone composites remains a challenge. This is because
increased thickness may readily result in opaqueness/translucence
and tuningof luminescence colors is difficult since theZnO-QDsmay
grow or aggregate during the preparation of composites [6,9,18].

In this study, preparation of bulk transparent ZnO-QD/silicone
composites with tunable luminescence colors is reported for the
first time by directly and homogeneously dispersing the as-
prepared ZnO-QDs in a transparent silicone matrix. Direct disper-
sion of ZnO-QDs without drying in the silicone matrix effectively
avoids the growth and aggregation of fine quantum dots. The
choice of silicone resin as the matrix, as explained above, is due to
its high optical transmittance, superior thermal stability and
excellent UV-resistance. ZnO-QDs with different sizes are used to
tailor the UV-shielding and luminescent properties of these nano-
composites. Hence, in this way, multifunctional silicone composites
have been prepared with a high UV-shielding efficiency covering
a wide range of UV-wavelength, high visible transmittance and
attractive photo-luminescent properties.

2. Experimental work

2.1. Materials and sample preparation

The ZnO quantum dots (ZnO-QDs)/silicone composites were
prepared via a simple direct dispersion method as illustrated in
Fig. 1. Step 1 involves the synthesis of colloidal ZnO-QDs, and
precipitation, purification and dispersion of the ZnO-QDs in
acetone. Zn (II) solution (0.1 M) was prepared by refluxing Zn
(Ac)2$2H2O in ethanol at 80 �C for 2 h under continuous stirring
at atmospheric pressure, and then directly cooled to 0 �C.
Meanwhile, a given amount of LiOH$H2O was dissolved in ethanol
by ultrasonic technique and then cooled down to 0 �C. The above
two solutions were mixed at a temperature of around 0 �C, fol-
lowed by extensive stirring for several minutes to obtain
a transparent colorless solution containing ZnO-QDs. Three
different sizes (denoted by Z1, Z2 and Z3) of ZnO-QDs were
synthesized, respectively, under the molar ratio of [LiOH]/[Zn2þ]
with a value of 3.5 (Z1) and 1.4 (Z2) at the mixing temperature of
0 �C while Z3 was under the molar ratio of 1.4 at 40 �C. A few
drops of water were added under vigorous stirring to precipitate
ZnO-QDs. The precipitated ZnO-QDs were purified by ethanol and
then dispersed in 50 mL acetone. Step 2 involved mixing ZnO-QDs
in acetone with silicone (Dow Corning OE 6665) via constant
stirring. An extensive ultrasonic process was applied for 0.5 h
until the mixture was transparent. In Step 3, the vacuity tech-
nique was used to remove solvent and the samples were prepared
by pouring the resultant mixture into a steel mould followed by
curing in an oven at 150 �C for 2 h. The as-prepared samples had
a bulk thickness of about 4 mm.

2.2. Measurement and characterization

High resolution transmission electron microscope (HRTEM)
images of ZnO-QDs and ZnO-QD/silicone composites were taken on
a JEOL JEM-2010 HRTEM operated at 200 kV. Sliced thin sections of
ZnO-QD/silicone composites with a thickness of about 60e80 nm,
prepared by ultra-microtomy, were used to take the HRTEM images
of the composites. Attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectra of the samples were obtained with
a Varian 3100 spectrometer. Thermo-gravimetric (TG) analyses of
neat silicone and the ZnO-QD/silicone composites were conducted
on Netzsch STA 409 from room temperature to 1000 �C at a heating
rate of 10 �C/min under an inert N2 atmosphere. The transmittance
in UV and visible regions of neat silicone and silicone composites
was examined using a UVevis spectrometer (Hitachi U-3900). The
UVevis spectrometer was also used for detecting the absorbance of
ZnO-QDs. The luminescent properties of the ZnO-QDs and the ZnO-
QD/silicone composites were also measured using a fluorescent
photometer (Hitachi F-4600).

3. Results and discussion

Fig. 2 shows high resolution transmission electron microscopy
(HRTEM) images of ZnO-QDs with different sizes and the insets
show their lattice fringes and selected area electron diffraction
(SAED) patterns. ZnO-QDs appear to be in the single crystal domain
state and the lattice fringes showad-spacingof 0.26nmfor the (002)
reflection belonging to the wurtzite structure of ZnO [50]. The
particle sizeswere estimatedbycountingover 100ZnOnanocrystals



Fig. 2. HRTEM micrographs with electron diffraction image and SAED pattern in the
insets of as-prepared ZnO-QDs with different sizes. (a) Z1, diameter ¼ 1.97 � 0.23 nm,
(b) Z2, diameter ¼ 3.03 � 0.12 nm, and (c) Z3, diameter ¼ 3.91 � 0.16 nm.
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Fig. 3. (a) Size of ZnO-QDs, (b) UVevis absorbance, and (c) PL spectra of ZnO-QDs in
ethanol solution under the excitation of UV light at l ¼ 302 nm.
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for each case from HRTEM images using the software SemAfore
4.0. The average particle diameters are: Z1 ¼ 1.97 � 0.23 nm,
Z2¼ 3.03� 0.12 nm, and Z3¼ 3.91�0.16 nm, respectively. The size
versus sample code is shown in Fig. 3a.

The UVevis absorbance spectra of the ZnO-QDs (Z1, Z2 and Z3)
prepared under different synthesized conditions are shown in
Fig. 3b. These spectra provide a simple way to investigate particle
sizes [25]. Based on the experimental relationship between average
particle diameter (D) and absorption shoulder (l1/2), defined as the
wavelength at which the absorption is 50% of that at the excitonic
peak, of ZnO composite colloids obtained by Meulenkamp [25] and
given below:

1240=l1=2 ¼ 3:301þ 294:0=D2 þ 1:09=D (1)

where l in nm and D in �A, the average diameters of Z1, Z2 and Z3
can be calculated as 1.95, 3.08 and 3.99 nm, which agree well with
the sizes measured directly from the HRTEM results. Equation (1)
was used to fit the results for particle sizes between 2.5 and
6.5 nm by Meulenkamp [25] and here it has been extended to
1.95 nm Fig. 3c shows the visible luminescent spectra of Z1, Z2 and
Z3 in ethanol with broad emission bands peaking at 425, 491 and
509 nm, indicating a red-shift as the ZnO-QDs grow in size.
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Fig. 4 shows the HRTEM images of the ZnO-QDs/silicone
composites having Z2 with three different loading of 0.16, 0.40 and
0.80 wt%. The direct dispersion of ZnO-QDs without drying in the
silicone matrix has led to good dispersity in the polymer matrix
(Fig. 4aec). However, agglomeration cannot be completely avoided
and a few aggregates are also observed (Fig. 4def). The phenom-
enon of agglomeration is common for fine ZnO-QDs (sizes of a few
nanometers) dispersed in polymer matrices even if the particle
surface has been properly modified to improve the dispersity [6].
Fig. 4. HRTEM images of cross-sections of ZnO-QD/silicone composites with three d
This is because ZnO-QDs exhibit an enormous surface areawhich is
several orders of magnitude larger than the surface area of
conventional micro-particles. The surface area increases with the
decrease of particles size and the larger surface area leads to
a stronger tendency for the finer ZnO-QDs to form aggregates.

Fig. 5 shows the attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectra of ZnO-QDs, neat silicone resin and
ZnO-QD/silicone composites. All the silicone samples show strong
double peaks in the range 1130e1000 cm�1 as marked belonging to
ifferent Z2-ZnO-QDs loadings: (a,d) 0.16 wt%, (b,e) 0.40 wt% and (c,f) 0.80 wt%.
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the SieOeSi band. The ZnO-QD/silicone composites show similar
spectrawith neat silicone resin, indicating that the addition of ZnO-
QDs in the low loading range investigated does not obviously affect
the structure of the silicone resin. In the spectra for the composites,
there are no observable peaks which belonged to ZnO-QDs possibly
due to its very low loading.

The UVevis spectra of the silicone and the ZnO-QD/silicone
composites are shown in Fig. 6. According to these spectra, silicone
resin absorbs little UV light with a wavelength greater than about
284 nm while the silicone composites show a significant red-shift
in the spectra with increasing ZnO-QDs loading and particle size.
Further, the visible light transmittance decreases with increasing
ZnO loading, which may suggest possible formation of aggregates
in the composites [9,39,51]. This has been confirmed by the HRTEM
images of the composites (Fig. 4).

The intensity of the transmitted light (I) through the composites
due to light scattering can be estimated by [52]:

I=I0fexp

"
�3Vpxr3

4l4

�
np
nm

� 1
�#

(2)

which applies to spherical particles with a radius r and a refractive
index np uniformly dispersed in a matrix with a refractive index nm.
I0 is intensity of light that would pass the samplewithout scattering
(i.e., the intensity of incoming light for non-absorbingmaterials), Vp
particle volume fraction, l light wavelength and x optical path
length. The refractive indices of ZnO (n ¼ 2.0) and silicone OE 6665
(n ¼ 1.53 from the producer) are fixed. Increase in ZnO loading
reduces the transmittance of the nanocomposites. As displayed in
Fig. 6, the transmittance for all composites shows a decreasing
trend with increasing ZnO-QDs loading. This can be understood in
terms of Equation (2). Also, at relatively high ZnO loading, some
aggregates form and decrease the transmittance. The studied
composites are all quite transparent except Z3-ZnO-QDs with 0.40
and 0.80 wt% of ZnO-QDs (see Fig. 6c). The variations in trans-
parency (right-hand side) correlate well with the observed trans-
mittance (left-hand side) as displayed in Fig. 6.

Fig. 6 and Table 1 show that the UV-shielding efficiency is
greatly enhanced by adding ZnO-QDs and it increases with
increasing ZnO-QDs loading. For example, the transmittance of
UV light (e.g., at 290 nm and 320 nm) is markedly reduced by
adding ZnO-QDs in the silicone matrix, indicating that the UV-
shielding capacity has been significantly improved. Further, the
wavelength at which the UV-shielding efficiency is 94% increases
with increasing particle size of ZnO-QDs (Table 1). That is, the
UV-shielding wavelength range is increased by the ZnO-QDs
size. However, Fig. 6 shows that Z1-ZnO-QDs and Z2-ZnO-QDs
have similar high visible light transmittance but the trans-
mittance for Z3-ZnO-QDs is significantly reduced especially at
high particle loading. Thus, the 0.40 wt% case of Z2-ZnO-QDs
displays not only an excellent UV-shielding property with a wide
UV-wavelength range (94% UV-shielding efficiency at 362 nm)
but also a high visible light transmittance with a relative value
of 93.4% to the silicone matrix (i.e., 74.6%/79.9% at 600 nm) as
shown in Table 1.

ZnO/poly(styrene butylacrylate) latex composites were
prepared by blending poly(styrene butylacrylate) latex with
a water slurry of nano- and micro-sized ZnO particles and the
ultraviolet (UV) shielding property was investigated [22]. When
ZnO reached a high loading of 7 wt%, UV rays were almost shielded.
But the transmittance in the visible region was dramatically
decreased even if the thickness of the composite films was
controlled within 64e68 mm. ZnO-QDs with a size of 2.8 � 0.4 nm
were incorporated into polymethylmethacrylate (PMMA), the high
UV-shielding efficiency was obtained for UV-wavelength range up
to 340 nm [6]. In another study, colloidal ZnO-QDs with a uniform
particle size of w5 nm were synthesized and blended with PMMA
by solution mixing to prepare PMMA/ZnO nanocomposite films
[18]. The UVevis spectra show that a small amount of colloidal
ZnO-QDs (0.80 wt%) could improve the UV-shielding capability but
the UV-shielding efficiency in the UV region up to w360 nm is
lower than 50%. However, in the present study, the silicone
composite containing 0.40 wt% Z2-ZnO-QDs showed much higher
UV-shielding efficiency of 94% at 362 nm.

Explanations for the observation of visible transmittance for the
two cases of Z1 and Z2 shown, respectively, in Fig. 6a and b are
given below as a function of the particle size and particle loading.
Generally, for transparent composites, visible light transmittance
decreases with increasing particle size and aggregation intensity of
the nanoparticles. However, aggregation increases with decreasing
particle size. Thus, the two competing effects by decreasing particle
size and increasing particle aggregation finally bring about similar
transmittance for the Z1 and Z2 cases. In contrast, the much larger
particle size of Z3 has a dominating influence on the visible
transmittance, thus leading to the relatively low visible
transmittance.

The thermal stability of silicone and ZnO-QD/silicone compos-
ites was examined by thermo-gravimetric (TG) analysis at
a constant heating rate of 10 �C/min under an inert N2 atmosphere
and the results are shown in Fig. 7. Silicone resin (Dow Corning OE
6665) has excellent thermal stability and the onset decomposition
temperature is higher thanw400 �C. Untilw975 �C, theweight loss
is only 25%. ZnO-QD/silicone composites show similar TG curves as
the neat silicone matrix. That is, the ZnO-QD/silicone composites
exhibit excellent thermal stability because of the superbly thermal
stable silicone matrix. Also, ZnO-QD/silicone composites show
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slightly lower residual weight at high temperatures (>600 �C) than
the pure silicone matrix. The observations for thermal stability are
explained below.

It is well-known that silicone resin degrades to volatile low-
molecular weight cyclic siloxanes in nitrogen [53]. The ZnO fillers
in the polymer composites will affect the activation energy for the
degradation of a polymer matrix [54]. For example, the activation
energy for polyacrylate composites containing various sizes of ZnO
fillers is lower than that for the polyacrylate matrix and the
composite containing ZnO nanoparticles shows the lowest acti-
vation energy due to its highest catalytic effect [54]. For ZnO-QD/
silicone composites, the presence of ZnO-QDs will also lower the
activation energy of the silicone resin for its degradation. In
contrast, ZnO particles have a higher thermal conductivity and



Table 1
Effects of particle size and loading of ZnO-QDs on transmittance.

Sample Code Content of
ZnO-QDs (wt%)

Wavelength (nm) at
which UV-shielding
efficiency is 94%

Transmittance
at 290 nm
(UV light)

Transmittance
at 320 nm (UV light)

Transmittance at
600 nm
(visible light)

Neat silicone 0.00 284 39.5% 65.6% 84.3%
0.16 320 0.8% 7.5% 82.1%

Z1-ZnO/silicone 0.40 330 0.0% 0.0% 69.7%
0.80 338 0.0% 0.0% 56.4%
0.16 330 1.0% 3.4% 79.9%

Z2-ZnO/silicone 0.40 362 0.0% 0.0% 74.6%
0.80 373 0.0% 0.0% 69.7%
0.16 365 0.0% 0.0% 67.6%

Z3-ZnO/silicone 0.40 379 0.0% 0.0% 52.1%
0.80 426 0.0% 0.0% 33.5%
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a greater heat capacity value than polymers, absorbing the heat
transmitted from the surrounding and thus retarding the direct
thermal impact on the polymer backbones [55]. As a result, ZnO
can stabilize the polymer molecules at relatively low temperatures
up to w500 �C shown in Fig. 7. Hence, pure silicone resin and
composites show similar onset decomposition temperatures.
However, at high temperature (e.g., 600e1000 �C shown in Fig. 7),
the former activation energy effect cannot be offset by the latter
thermal effect. Consequently, the existence of ZnO-QDs in silicone
composites will lower the residual weight of the silicone resin.

Conversely, it was shown that the onset temperature for
decomposition of PMMAwasw236 �C and the addition of 0.20 wt%
to 0.80 wt% ZnO-QDs enhanced the onset temperature to between
250 and 285 �C [18]. Similar thermal stability was observed in
another study on ZnO-QDs/PMMA composites [6]. Therefore,
despite the increase in the onset temperature, the thermal stability
of PMMA nanocomposites is much lower than that of the silicone
composites reported here. In a separate investigation on epoxy
composites, although the onset temperature for neat epoxy at
w360 �C was quite high, its decomposition was fast with a weight
loss of w40% at w400 �C [56]. Hence, the ZnO-QD/silicone
composites synthesized in the present work have the best thermal
stability compared to other composites published elsewhere
[6,18,56].

Fig. 8a shows the photo-luminescence (PL) emission spectra of
the ZnO-QDs/silicone composites containing 0.40 wt% ZnO-QDs
under theexcitationofUV light at 302nm.ThePLemission spectraof
the silicone composites with blue emission (Z1), blueegreen emis-
sion (Z2) and yellowegreen (Z3) (Fig. 8a) exhibit peaks, respectively,
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Fig. 7. Thermo-gravimetric (TG) curves of neat silicone and ZnO-QDs (Z2)/silicone
composites.
at 463 nm (Z1), 499 nm (Z2) and 523 nm (Z3) while the PL emission
spectra of the ZnO-QDs with indigo emission (Z1), blue emission
(Z2) and green emission (Z3) (Fig. 3) show peaks, respectively, at
423 nm, 489 nm and 510 nm. The red-shift of the PL emission peaks
further demonstrates the increase in size and possible aggregation
of ZnO-QDs. This is similar to that reported previously for epoxy and
PMMA matrices [6,8,9]. It is proven, albeit indirectly, that the
aggregation extent is most severe for the smallest size Z1 case since
the red-shift is the highest with a wavelength difference of 40 nm.
Conversely, the PL emission spectra are red-shifted as the ZnO-QDs
particle size increases, leading to different colors of luminescence as
shown in Fig. 8b. This also indicates that the luminescence colors can
be properly tuned by controlling the size of ZnO-QDs in the silicone
matrix. In the study of light-emitting PMMA composites containing
2.8 � 0.4 nm ZnO-QDs, only the blue luminescence color was
reported [6]. In epoxy composites containing ZnO-QDswith a size of
5 nm under an excitation of 320 nm, lights were reported to emit
with a wavelength shorter than 400 nm [51]. In our recent work,
epoxy compositeswith 3.1�0.3 nmZnO-QDs under an excitation of
370 nm exhibited a broad emission spectrum in the range
400ew640 nm peaked at w442 nm [8]; epoxy composites con-
taining ZnO-QDs/silica particles with 3 nm ZnO showed a broad
fluorescence emission spectrum in the range400e650nmpeakedat
w442 nm [9]. We believe this is the first time that transparent and
light-emitting polymer composites with tunable luminescence
colors are successfully fabricated and reported. Owing to their
excellent overall performance, these ZnO-QD/silicone composites
have potential for use in LED, UV-protection and optical sensors or
optical filters.
Fig. 8. (a) PL spectra and (b) digital photos of neat silicone and silicone composites
containing 0.40 wt% ZnO-QDs of different sizes under the excitation of UV light at
l ¼ 302 nm. The sample thickness is 4 mm.
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4. Conclusions

Multifunctional UV-opaque, visible-transparent and light-
emitting ZnO-QDs/silicone composites have been successfully
synthesized in bulk form for the first time using a simple direct
dispersion method. Compared to previously reported UV-shielding
polymer composites, the silicone composites obtained in this work
have superior thermal stability and better UV-resistance. The ZnO-
QD/silicone composites at appropriate loading possess excellent
UV-shielding efficiency in a wide range of UV-wavelength up to
362 nm with highly visible light transmittance. Furthermore, sili-
cone composites with tunable luminescence colors were first time
reported here. These composites have potential for applications as
ultraviolet shielding and optoelectronic devices.
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