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ZnO quantum dots (QDs) as an eco-friendly and low-cost material has bright fluorescence, which makes it promis-
ing material for healthy lighting and displaying. However, the low fluorescence efficiency and poor stability of ZnO
QDs impede their applications in lighting application. In this work, silica encapsulated ZnO QD-phosphors nanocompos-
ites (ZSPN) have been prepared through a sol-gel synthesis process, where yellow-emitting ZnO QDs and blue-emitting
BaMgAl10O17:Eu2+ are employed as the luminescence cores and silica as link between two luminescence materials. Tun-
able photoluminescence of ZSPN and the white light emission have been achieved through changing mass ratio of both of
ZnO QDs and commercial phosphors. The PLQY of the ZSPN can reach 63.7% and they can maintain high luminous in-
tensity even the ambient temperature up to 110 ◦C and after 35 h of UV irradiation. In addition, they can keep stable for 40
days. By coating the ZSPN phosphors onto a ultraviolet chip, WLEDs with luminous efficiency of 73.6 lm/W and the color
coordinate, correlated color temperature, and color rendering index can reach (0.32, 0.34), 5580 K, and 87, respectively,
indicating the bright prospect of the ZSPN phosphors used in healthy lighting.

Keywords: ZnO QD-phosphors nanocomposites (ZSPN), phosphors, light-emitting diodes
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1. Introduction
White light-emitting diodes (WLEDs) have been consid-

ered as promising lighting devices due to their unique mer-
its such as high luminous efficiency, low energy consumption,
and long operational life, etc.[1–7] Currently, the main way to
achieve WLEDs are to coat yellow-light-emitting phosphors
on the InGaN blue chip and the phosphors emit yellow light
under blue light excitation, and white luminescence can be ob-
tained when yellow and blue light are mixed.[8,9] In this pro-
cess, the blue light emitted from the InGaN blue chip partici-
pates in the mixing of white light and the performance of the
WLED will be affected by the aging of the chip. The above
problem drives people to develop UV-pumped WLEDs.[10,11]

No matter in fabricating UV-pumped or blue light-pumped
WLEDs, phosphors as down-conversion layer play a key role
in determining the performance of WLEDs.[2,3,12–15] Nowa-
days, so far the common used phosphors for commercial
WLEDs are rare-earth based luminescence materials.[16–20]

However, the reservation of rare-earth element in the world is
declining year by year and this tremendously increases manu-
facturing costs of rare-earth phosphors. Quantum dot may be
a possible alternative to rare earth based phosphors. Recently,
quantum dot LEDs (QD-LEDs) have drawn much attention
due to their tunable emission wavelengths, narrow emission,

high luminous efficiency, etc.[21–27] But high-performance
QDs usually involve Cd ions, which will endanger human
health. Hence, it is of crucial importance to develop eco-
friendly and low-cost phosphors replace or reduce the use of
rare-earth base and Cd-base quantum dot phosphors.

Zinc oxide (ZnO), one of the most promising semicon-
ductor materials, have been investigated extensively due to
their unique properties such as environmentally friendly, sim-
ple preparation, low cost, and they will show bright lumines-
cence when it is tailored into nanoscale size. Thanks to the
above advantages, ZnO has been applied in bioimaging,[28,29]

encryption,[30] photoelectric devices,[31–33] etc. In our previ-
ous work, we have coated the ZnO QD phosphors onto ul-
traviolet (UV) chips and successfully fabricated yellow LEDs
which indicates that ZnO QDs have great potential in UV-
pumped WLEDs.[34] However, the low quantum yield (QY)
of ZnO QDs limits their application in WLEDs. Currently,
one of the most effective ways for the development of ZnO
QDs in WLEDs is to increase quantum yield. We have devel-
oped a way to fabricate ZnO QDs with QYs of 42%, which
is the highest value to the best our knowledge. But this is
still not enough to apply ZnO QDs as a down-conversion layer
in WLED. Compared with ZnO QDs, commercial phosphors
have a excellent merit of high quantum yield, which is ad-
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equate for the commercialization of WLEDs. However, its
high cost and complex preparation process hinder their appli-
cation in LEDs. Moreover, it is a suitable way that combining
eco-friendly yellow-emitting ZnO QDs with those commercial
blue-emitting phosphors to increase the quantum yield of ZnO
QDs and decrease cost of phosphors at the same time.

In this work, multi-emitting ZnO-Silica-Phosphors core–
shell nanocomposite (ZSPN) has been designed and fabricated
to achieve white light emission for the first time through a one-
step sol-gel synthesis process. In this structure, ZnO QDs and
phosphors act as luminescence cores and silica acts as link
between two luminescence materials. The solid-state ZSPN
powders exhibit quite high quantum efficiency (QY = 63.7%)
with dual color emission (450 nm and 550 nm) and both of
ZnO QDs and phosphors have a strong absorption in UV area
which reveal that ZnO QDs and phosphors can be excited si-
multaneously when they are coated together. Benefiting from
the above merits of the structure, tunable emission has been
achieved from the ZSPN powders by changing the mass ra-
tio of the ZnO QDs and phosphors. The white light-emitting
diodes (WLEDs) have been achieved by coating ZSPN in
365 nm line of a UV chip. The correlated color temperature
(CCT), Commission International de L’Eclairage (CIE) coor-
dinate, luminous efficiency and color rendering index (CRI) is
5610 K, (0.32, 0.34), 73.6 lm/W and 87, which indicate the po-
tential applications of ZSPN in eco-friendly and high-efficient
LEDs.

2. Methods
2.1. Materials

The precursors used in this study include zinc ac-
etate dihydrate (Zn(Ac)2·2H2O, purity > 99%), potassium hy-
droxide (KOH, purity > 99%), 3-aminopropyltriethoxysilane
(APTES, purity > 98%), BaMgAl10O17:Eu2+ phosphors,
tetraethoxysilane (purity > 99.9%), ethanol (purity > 99.9%),
etc. All of the chemicals were purchased from Macklin Chem-
istry Co. Ltd (Shanghai, China). Note that all the chemicals
used in this work were analytical grade without further purifi-
cation.

2.2. Synthesis of ZnO QDs

The ZnO QDs were prepared according to the method
reported in our previous work.[34] 5.5 g (25 mmol)
Zn(Ac)2·2H2O was dissolved in 150 mL ethanol solution and
the solution was refluxed under continuous stirring for 30 min
at room temperature. Then 20 mL 35 mmol KOH solu-
tion was added into the Zn(Ac)2·2H2O ethanol solution un-
der continuous stirring for 10 min. Then mixtures of 1.5 mL
deionized water and 400 µL 3-aminopropyltriethoxysilane
(APTES) were added into the above solution under continu-
ous stirring for 2 h. After that, the obtained precipitates were

washed using ethanol for three times to remove the unreacted
precursors. Finally, the ZnO QDs precipitates were dried in an
oven at 70 ◦C for 6 h to form ZnO QD powders.

2.3. Synthesis of ZSPN

The ZnO QDs (150 mg (1), 140 mg (2), 130 mg (3),
120 mg (4)) tetraethoxysilane (TEOS, 1 mL) were dispersed in
water to form a aqueous solution. Then, BaMgAl10O17:Eu2+

powder (15 mg) was placed into the above solution stirring at
room temperature for 8 h. The precipitates were washed using
water for three times to remove the unreacted precursors. Fi-
nally, the ZSPN nanocomposite was dried in an oven at 70 ◦C
for 8 h to form ZSPN powders.

2.4. Fabrication of LEDs

For the fabrication of WLED, epoxy resin was premixed
with the ZSPN phosphors. The mixture was packaged onto the
UV chip with 365 nm. After that, the as-prepared LED were
placed into an oven at 80 ◦C for 2 h to fabricate WLEDs.

2.5. Characterizations

X-ray diffraction (XRD) patterns were obtained on X’Pert
Pro diffractometer. TEM (JEM-2010) was employed to char-
acterize the size and crystallinity of the samples. Fluores-
cence spectra and PLQYs were obtained on Hitachi F-7000
spectrophotometer. The luminous efficiency is recorded by
radiometers PM6612L. UV–vis absorption spectra were ob-
tained using a UH4150 spectrophotometer.

3. Results and discussion
The yellow-emitting ZnO QDs, blue-emitting phosphors,

and TEOS were selected as members of ZSPN and the ZSPN
was prepared by one-step sol-gel synthesis process. The ZnO
QDs using in this paper were prepared according to the method
reported in our previous work.[34] The size of ZnO QDs will
determine the emission color and there have been many refer-
ences discussing this color dependence.[29] In this work, the
size of as-prepared ZnO QDs is about 5 nm and they can
emit bright yellow fluorescence when they are exposed un-
der UV radiation (Fig. S1, Supporting Information). ZnO QDs
have been functionalized with (3-aminopropyl) triethoxysilane
(APTES) and there are abundant silanol groups (Si–OH) in
their surface. The corresponding FTIR spectrum has been
indicated in Fig. S2. The blue-emitter used in this paper is
BaMgAl10O17:Eu2+ and they have the merits of high lumi-
nous efficiency, superior thermal and photo stability. The for-
mation process of the ZSPN was illustrated in Fig. 1. The ZnO
QDs solution will be alkaline due to the existence of amino
(Fig. S2, Supporting Information), so the formation process
of the ZSPN is a selfhydrolysis process, which makes it sim-
ple and eco-friendly for the large-scale synthesis of ZSPN and
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pay the way for their future applications. Under hydrolysis of
TEOS in the ZnO QDs and phosphors solution, ZnO QDs will
covalently bind to silica by forming Si–O–Si bonds and there
form a silicon layer alternating with ZnO QDs will be coated
on the phosphor due to a polymerization process. Finally, a
multi-emitting core–shell structure will be formed.

polymerization

zinc oxide

SiO2

Si

TEOS

process

phosphors

Fig. 1. (color online) Schematic illustration of the formation process of
the ZSPN.

The morphology of the ZSPN has been characterized by
transmission electron microscope (TEM). From the TEM im-

age shown in Fig. 2(a), spherical-like microstructures can be
observed clearly from the image and the particle sizes is about
88.9 nm, as shown in Fig. 2(b). There are two phases in ZSPN
structure. It can be seen that transparent section is silica cell
and dark section is phosphors core. The above data demon-
strates that the phosphor is uniformly coated with ZnO–silica
cell on the outside after a simple sol-gel process. In order to
analyze the elements of the ZSPN, elemental mapping using
energy-dispersive x-ray spectroscopy (EDX) was recorded, as
shown in Fig. 2(c). The elements of Zn, O, Ba, Mg, Al,
Eu, and Si can be observed from the figure. The elements
of Zn and O come from ZnO QDs and the elements of Ba,
Mg, Al, Eu come from BaMgAl10O17:Eu2+. The distribu-
tion of Si, Zn, and O element match well with that of the rest
of the elements, indicating the ZnO-silica cell has success-
fully coated phosphor. The XRD patterns of the ZnO QDs,
phosphors and ZSPN have been illustrated in Fig. 2(d). The
broad peak centered at around 23◦ come from silica, while all
the other peaks correspond well to hexagonal wurtzite ZnO
structure and BaMgAl10O17:Eu2+. From the XRD pattern of
the ZSPN, the peaks corresponding to both ZnO QDs and
BaMgAl10O17:Eu2+ can be observed simultaneously, which
reveal that phosphors have been coated by ZnO silica.
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Fig. 2. (color online) (a) TEM image of the ZSPN nanocomposite; (b) the statistical size distribution of the ZSPN nanocomposite; (c)
elemental mapping of the ZSPN nanocomposite; (d) XRD pattern of the ZnO QDs, BaMgAl10O17:Eu2+, and ZSPN.

Fourier transform infrared (FTIR) spectra of the ZnO
QDs, phosphors and ZSPN were recorded, as shown in
Fig. 3(a). In the FTIR spectrum of the ZnO QDs, the peaks
centered at around 480 cm−1, 1405 cm−1, and 1574 cm−1

can be attributed to the stretching vibration of Zn–O, C–H,
and N–H respectively. In the FTIR spectrum of the phos-
phors, the peaks centered at 600–700 cm−1 can be attributed
to the stretching vibration of Al–O stretching bands. In the
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FTIR spectrum of the ZSPN, the peak at 1075 cm−1 can be
attributed to vibration absorption of SiO2, which indicates the
formation of silica cell. In addition, the Zn–O stretching bands
at around 480 cm−1 and the Al–O stretching bands at around
600–700 cm−1 can be observed in both the ZSPN and ZnO
QDs, indicating that the phosphors have been coated by the
ZnO-silica cell. In addition, the x-ray photoelectron spec-
troscopy (XPS) was used to analysis the element of ZSPN,
as shown in Fig. 3(b). In Fig. 3(b), the peaks including Zn 2p,
Si 2p, Ba 4s, Eu 3d, Mg and O 1s appear simultaneously. The
Si 2p at 103.9 eV for Si–O bands indicating the Si–O band has
formed and silicon layer alternating with ZnO QDs have been
coated on the phosphor.

4000

In
te

n
si

ty

Wavenumber/cm-1

 BaMgAl10O17:Eu 

ZnO

ZSPN

[AlO4]

0

Mg Auger
Ba 4s

Eu 3d

Si 2p

Zn 2p 1/2

Zn 2p 3/2

C
o
u
n
ts

Binding energy/eV

 ZSPNO 1s

3000 2000 1000

(b)

400 800 1200

(a)

Y(Si-O) Y(Zn-O)

500

Fig. 3. (color online) (a) FTIR spectra of the nanocomposite; (b) XPS
spectra of the nanocomposite.

To study the optical properties of as-prepared ZSPN, the
photoluminescence spectra and excitation spectra of both of
ZnO QDs and phosphors were measured as shown in Fig. 4(a)
and 4(b). Figure 4(a) shows optical properties of ZnO QDs.
The emission range of the ZSPN powders is from 430 to
720 nm and the maximum emission peak in 550 nm. The cor-
responding optimal excitation peak is 365 nm. In addition,
the emission peak of ZnO QDs is a broad peak, indicating
that ZnO QDs are suitable yellow down-conversion layer for
UV-pumped WLEDs. BaMgAl10O17:Eu2+ phosphor can be

effectively excited at a broad range of wavelengths from 200
to 400 nm and the corresponding emission peak is 450 nm
as shown in Fig. 4(b). It is evidenced from the figure that
both of the emission peaks at around 550 nm and 450 nm
can be observed when the excitation wavelength is 365 nm,
indicating the highest brightness emission of ZnO QDs and
BaMgAl10O17:Eu2+ phosphor can be achieved under UV ra-
diation and the powders can be used as UV-pumped down-
conversion layer. SiO2 precipitate has been obtained by a
sol-gel process, and no fluorescence can be observed and the
corresponding fluorescence spectra and photographs of SiO2

are shown in Fig. S3. The spectra of the as-fabricated ZSPN
consist of two emission peaks centered at around 450 nm and
550 nm with almost equal intensity, which can be assigned
to the emission from the BaMgAl10O17:Eu2+ phosphors and
ZnO QDs, respectively. Under the excitation of 365 nm line,
the PLQY of the ZSPN powders is 63.7%. PLQY is a key
factor that determines the performance of phosphors, so the
ZSPN may promise their bright prospect in lighting and dis-
playing. The fluorescence images of the ZnO QDs, ZSPN, and
BaMgAl10O17:Eu2+ phosphor under indoor and UV lighting
conditions are shown in Fig. 4(d). The all powders are white
in color under the indoor lighting conditions. Under the ex-
citation of the 365 nm line of a UV lamp, ZnO QDs show
bright yellow luminescence and BaMgAl10O17:Eu2+ phos-
phor show bright blue luminescence, while the ZSPN show
strong white luminescence. The above data confirm further
that the BaMgAl10O17:Eu2+ phosphors have been coated by
ZnO-silica.

The tunable luminescence spectra of the ZSPN and white
light emission can be achieved by varying the mass ratios of
ZnO QDs and BaMgAl10O17:Eu2+ phosphor, and the corre-
sponding photoluminescence (PL) spectra of the ZSPN pow-
ders are shown in Fig. 5(a). By controlling the mass ratio
of the ZnO QDs and BaMgAl10O17:Eu2+ phosphor (10:1(1),
9.3:1(2), 8.7:1(3), 8:1(4)), the yellow emission is decreased
obviously. The corresponding color of ZSPN can be tuned
from cool white to warm white. The as-prepared tunable lumi-
nescence ZSPN phosphors show bright fluorescence under UV
illumination, as shown in Fig. 5(d). White emission with the
CIE coordinate of (0.32, 0.34) can be realized, which is very
close to the standard CIE coordinate of WLED (0.33, 0.33).
The corresponding tunable luminescence CIE coordinate were
shown in Fig. 5(e). The ability of anti-photobleaching is a
key indicator that determines the performance of phosphors
used in WLED, so the optical stability of the ZSPN powder
were assessed. ZSPN with different mass ratios of ZnO QDs
and BaMgAl10O17:Eu2+ phosphor (10:1(1), 9.3:1(2), 8.7:1(3),
8:1(4)) were irradiated under a strong UV beam of 365 nm
from a fluorescence spectrofluorometer (photomultiplier of
650 V) for 3600 s. The PL intensity of both of 450 nm and
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550 nm can maintain more than 90%, as indicated in Figs. 5(b)
and 5(c). To further evaluate the longtime photostability, the
ZSPN (3) was put under a hand-held UV lamp (0.15 mW/cm2)
for 35 hours. The corresponding luminescence spectra and the
dependence of the luminescence intensity of the peaks cen-
tered at 450 nm and 550 nm has been shown in Fig. S4 and
Fig. 5(f). The photostability of ZnO QDs is less stable than
that of BaMgAl10O17:Eu2+ phosphor upon continuous ultravi-
olet radiation. This result seems to be acceptable as it is more
stable than other phosphors used in WLEDs. However, the PL
intensity of ZSPN can maintain more than 90% after 35 hours
of UV illumination as shown in Fig. 5(f). The characteristic of
anti-photobleaching in ZSPN ensures their PL stability under
long time ultraviolet radiation when packaged it on UV chips.

In order to analyze structural stability of ZSPN, the as-
prepared ZSPN has been washed following a centrifugation
process for 6 cycles. The corresponding luminescence spectra
and the dependence of the fluorescence intensity of the peaks
centered at 550 nm of the ZSPN after washing were measured
as shown in Figs 6(a) and 6(b). There is no apparent change
in PL intensity and lineshape of the ZSPN, indicating there
is no phase separation and the good structural stability of the

ZSPN. In addition, thermal stability is another important fac-
tor for phosphors used in LEDs, thus the thermal stability of
the as-prepared sample is analyzed by annealing the ZSPN (3)
under different temperature. The dependence of the PL inten-
sity of the peaks centered at 450 nm and 550 nm on annealing
temperatures has been shown in Fig. 6(c). The PL intensity of
two peaks keeps unchanged even the temperature is increased
to 110 ◦C, the corresponding images of the ZSPN annealed at
different temperature are shown in the inset of Fig. 6(c). The
line shape and PL intensity of the ZSPN remain almost un-
changed while the emission intensity decreases a little when
the annealing temperature reaches 110 ◦C as shown in Fig. S5.
The above date indicated that the as-prepared ZSPN can keep
high performance when they are operating at high tempera-
tures. Phosphors used in WLED always need to work for a
long time, thus temporal stability of phosphors determines the
performance of WLEDs. The temporal stability of the ZSPN
was measured under ambient conditions, as shown in Fig. 6(d).
The line shape and PL intensity of the two peaks remain al-
most unchanged within 40 days (Fig. S6), indicating the good
stability of the ZSPN in ambient conditions.
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Fig. 4. (color online) (a) Fluorescence excitation (ex) and emission (em) spectra of ZnO QDs; (b) fluorescence excitation (ex) and emis-
sion (em) spectra of BaMgAl10O17:Eu2+; (c) fluorescence spectra of the ZSPN nanocomposite; (d) images of the ZnO QD, ZSPN, and
BaMgAl10O17:Eu2+ under indoor lighting and UV lighting conditions.
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Fig. 5. (color online) (a) Fluorescence emission spectra of ZSPN with different mass ratio of the ZnO QDs and BaMgAl10O17:Eu2+; (b)
the photostability of the ZSPN under a UV beam of 365 nm from a fluorescence spectrofluorometer by monitoring the emission peaks of the
BaMgAl10O17:Eu2+ (450 nm); (c) the photostability of the ZSPN under a UV beam of 365 nm from a fluorescence spectrofluorometer by
monitoring the emission peaks of the ZnO QDs (550 nm); (d) the corresponding images of the ZSPN; (e) the corresponding CIE coordinates
of the ZSPN; (f) the photostability of the ZSPN under hand-held UV lamp of 365 nm.

Based on the above merits, UV-pumped LEDs have been
fabricated by mixing ZSPN with epoxy resin, and the mix-
ture were coated onto the chips of 365 nm UV-chips. The
electroluminescence (EL) intensity of the WLED increased
when the drive current increased from 10 to 100 mA as shown
in Fig. 7(a). The corresponding CCT and CIE coordinate
shows slight changes from 5580 K to 5618 K, (0.3155, 0.3410)
to (0.3275, 0.3464), respectively. The luminous efficiency
slightly dropped from 73.6 to 68.5 lm/W. The maximum lumi-
nous efficiency is 73.6 lm/W when injection current is 50 mA.
The recent reported QDs-based phosphors are summarized in
Table 1. The reason for the change of luminous efficiency
when the drive current increased from 10 to 100 mA is that
the luminous efficiency is closed to the external quantum effi-

ciency of UV chip and the quantum efficiency of UV chip in-
creases first and then decreases with the injection current. As
a result, the luminous efficiency of LEDs increases first and
then decreases with the injection current from 10 to 100 mA.
These results show that the ZSPN phosphors have high sta-
bility against the change of driven current. The CRI of the
as-prepared WLED is 87, and a chromophotograph was used
to assess the color rendering ability of the WLED further, as
shown in Fig. 7(d). The picture taken under the irradiation of
the as-prepared WLED (50 mA) show the true colors of the
picture. Thanks to the co-friendly and abundant properties of
ZSPN, the results may apply a bright prospect in healthy light-
ing and displaying.
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Fig. 6. (color online) (a) The fluorescence intensity of the ZSPN nanocomposite after washing for 6 cycles; (b) the structural stability of
the ZSPN nanocomposite; (c) the fluorescence intensity of the ZSPN nanocomposite after annealing; (d) the temporal stability of the ZSPN
nanocomposite.
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currents; (d) the photochrome image taken under the illumination of the WLED.
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Table 1. Summary of the luminous efficiency for recent reported quantum dots based phosphors

Material Luminous efficiency Peaks Reference Year
Carbon Quantum Dots 31.3 lm/W 450/525/615 nm 11 2017

CuInS2-based nanocrystals 70 lm/W 550 nm 35 2013
single-phase CdS quantum dots 0.233 lm/W 575 nm 36 2018

Carbon-Nanodots@BaSO4 21 lm/W 540 nm 8 2017
Carbon-ZnO Alternating Quantum Dot Chains 20.1 lm/W 550 nm 37 2018

ZnO-Silica-Phosphors core–shell nanocomposite 73.6 lm/W 550 nm This work –

4. Conclusion and perspectives
In conclusion, the efficient and stable ZSPN phosphors

have been prepared via a sol-gel synthesis process. The
efficient white emission has been achieved from the ZSPN
nanocomposite due combine yellow emission from the ZnO
QDs with blue emission from the BaMgAl10O17:Eu2+ and the
PLQY of the ZSPN can reach 63.7%. In addition, the fluores-
cence intensity of ZSPN nanocomposite shows little decrease
even the ambient temperature up to 110 ◦C or stores in am-
bient environment for 40 days, indicating the good thermal
stability and temporal stability of the ZSPN nanocomposite.
The ZSPN nanocomposite has been applied as white emission
conversion layer and has been coated onto the UV chips to fab-
ricate WLED. The CCT, CIE, luminous efficiency and CRI of
the LEDs are 5580 K, (0.32, 0.34), 73.6 lm/W and 87, which is
close to the standard values of warm white emission. Thanks
to the low-cost and eco-friendly characters of ZnO, the results
reported in this paper may provide a promising pathway to-
wards healthy WLEDs.
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