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GRAPHICAL ABSTRACT

Multi-zinc oxide-cores@uni-barium sulfate-shell nanocomposite has been prepared via non-equilibrium sorption process, and the nanocomposite shows
improved stability in photo, thermal and ambient aspects. WLED has been fabricated by using the nanocomposite phosphors as down-conversion layer.
Thanks to the abundance and eco-friendly property of ZnO, the result reported in this paper may open a promising avenue for healthy WLEDs.
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Revised 15 May 2018 hinders its applications drastically. In this work, multi-ZnO-cores@uni-BaSO4-shell (mZnO@uBaS0O,4)
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thermal- and ambient-stability compare with bare ZnO QDs. The fluorescence efficiency of the
mZnO@uBaSO, nanocomposite decreases little even after 60 h of UV irradiation compare with ZnO
QDs. The mZnO@uBaSO, nanocomposite shows bright luminescence with little decrease even the
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Phosphors
Light-emitting diodes

ambient temperature up to 160 °C and the nanocomposite shows strong resistance to harsh environment.
By coating the mZnO@uBaSO,4 nanocomposite and commercial phosphors onto UV-chip, light-emitting

diode (LED) with correlated color temperature, Commission Internationale de L’Eclairage coordinate,
color rendering index and luminous efficiency of 6109 K, (0.32, 0.33), 85 and 47.33 Im/W have been real-
ized, and this will make a great step towards eco-friendly UV-pumped LEDs.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

In recent years, UV-pumped white light-emitting diodes
(WLEDs) have attracted much attention due to their merits of less
blue emission, higher luminous efficiency, broader spectrum, and
higher color rendering index (CRI) compare to blue-light-pumped
WLEDs [1-6]. To date, commercial WLEDs are usually realized by
coating yellow phosphors onto blue light chips, and the phosphors
emit yellow light under blue light illumination, and white lumines-
cence can be obtained when yellow and blue light are mixed [7-
11]. However, the excess blue emission, the lower luminous effi-
ciency and CRI of blue-light-pumped WLEDs drive people to go
after efficient and healthy WLEDs [12-15]. 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 [16-20]. Conventional phosphors are rare-earth-based
and Cd ions based quantum dot (QD) phosphors [21-27]. However,
there are still some limitations and disadvantages to be taken seri-
ously. Firstly, rare earths are non-renewable resources, and the
reservation is limited. Secondly, the mining and purifying of rare
earths often involves complex operations, which result in environ-
mental pollution. Thirdly, high-performance QDs usually involve
Cd ions, leading to toxicity concerns [21,28]. As an eco-friendly
material, ZnO will show bright luminescence when it is tailored
into nanoscale size [29]. Benefit from its eco-friendly character
and high quantum yields (QYs) [27,30,31], ZnO QDs have been
widely used in many fields, such as bioimaging [32-34], drug
delivery [35-38], labeling [39-41], and photoelectric devices
[41-44], etc. It had been proved that ZnO QDs as nano-emitters
are suitable for fabrication electric-pumped LED. For example,
Son et al. reported a novel and simple chemical method for synthe-
sizing emissive ZnO-graphene QDs, and WLEDs with brightness of
798 cd m~2 based on the QDs had been demonstrated [45]. Chen
et al. reported all solution-processed white QD-LED by using hybrid
ZnO@TiO, as blue emitters and electron injection layer. The maxi-
mum luminance and power efficiency of the white QD-LED are
730 cd m—2 and 1.7 Im W}, respectively [46]. However, it is quite
challenging and difficult to exactly stack various layers together for
solution-processed WLEDs. Besides, the luminous efficiency and
luminous intensity of the LEDs are still below expectation, and this
will limit their practical application. UV-chips as pumped light are
easy to fabricate high-performance LEDs, which have attracted
increasing attention. In our previous work, we developed a way
to large-scale synthesis of ZnO QDs with high QYs, and yellow LEDs
have been fabricated successfully by coating the ZnO QD phos-
phors onto UV chips, indicating ZnO QDs may have great potential
in UV-pumped WLEDs [27]. Nevertheless, the poor stability of ZnO
QDs in photo-, thermal- and ambient-aspects (especially photo-
stability) limits their application in UV-pumped WLEDs. Therefore,
it is interesting but still a challenge to develop ZnO based phos-
phors with high photo-, thermal- and ambient-stability to reduce
or substitute the usage of rare-earth-based and Cd ions based
phosphors, and this will make a great contribution to eco-
friendly UV-pumped WLEDs.

BaSO, was well known for its high stability. Therefore, BaSO,4
was expected to provide a stable shell for ZnO QDs, which can

greatly improve the stability of ZnO QDs. In this work, multi-
Zn0-cores@uni-BaS0O4-shell (mZnO@uBaSO,4) nanocomposite has
been prepared via a non-equilibrium sorption process, and the
nanocomposite shows greatly improved photo-, thermal- and
ambient-stability compared with bare ZnO QDs. In this process,
ZnO QDs with positive charges maintain electrostatic equilibrium
before addition of SO3~ ions, while the electrostatic equilibrium
is broken when SOZ~ ions are added and the ZnO QDs aggregate
into multi-ZnO-cores luminescent centers. Then by adding Ba®*
ions into the solution, BaSO, shells grow around the surface of
luminescent centers, which form mZnO@uBaSO,4 nanocomposite.
In this structure, BaSO4 shell acts as a protective layer that provides
a protection for the ZnO luminescent center. The BaSO, matrix nei-
ther competes for absorbing excitation light nor absorbs the emis-
sions of ZnO QDs, which is favor of keeping quantum yield while
improving stability. The resultant mZnO@uBaSO, nanocomposite
possesses obvious comparative advantages: Firstly, the fluores-
cence efficiency of the mZnO@uBaS0O,4 nanocomposite decrease lit-
tle even after sixty hours of UV irradiation compare with ZnO QDs.
Secondly, the mZnO@uBaSO, nanocomposite shows bright lumi-
nescence with little decrease even the ambient temperature up
to 160 °C, indicating it can be used as heat-resist phosphors.
Thirdly, the nanocomposite shows strong resistance to acid, alkali
and organic, which promising their potential applications in harsh
environment. White light-emitting diodes (WLEDs) with corre-
lated color temperature (CCT), Commission International de
L’Eclairage (CIE) coordinate and color rendering index (CRI) of
6109 K, (0.32, 0.33) and 85 have been realized by employing the
mZnO@uBaSO, and commercial phosphors as luminescent
phosphors.

2. Results and discussion

Water-soluble ZnO QDs are necessary for the preparation of
mZnO@uBaSO, nanocomposite in view of the solubility of precur-
sors BaCl, and NaSO,4. The ZnO QDs were prepared according to the
method reported in our previous work [27]. The particle sizes of
ZnO QDs are about 5 nm in this work and they will emit yellow
illumination under UV radiation (Fig. S1, Supporting Information).
In addition, the water-soluble ZnO QDs possess positive charges
due to the existence of amino (Fig. S2, Supporting Information),
which pave the way to prepare mZnO@uBaSO,. The formation pro-
cess of the mZnO@uBaS0O, nanocomposite was illustrated in Fig. 1
(a). Firstly, the ZnO QDs are modified by APTES which can endow
the QDs good water-soluble characters (Fig. 1b1). On the other
hand, ZnO QDs with silica layer can avoid quenching when they
aggregate into cores. For preparation mZnO@uBaSO,4, ZnO QDs
are first premixed with Na,SO, aqueous solution, SO%~ ions are
attracted on the surface of the ZnO QDs due to the electrostatic
adsorption effect. The zeta potential of the mixed aqueous solution
changes from +37.4 mV to —0.14 mV (Fig. S3, Supporting Informa-
tion), indicating that SO5~ ions have been attached onto the surface
of the ZnO QDs. In this process, the electrostatic equilibrium of the
ZnO QDs is broken when SO3~ ions are added and the ZnO QDs
aggregate into multi-ZnO-cores luminescent centers following by
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Fig. 1. Schematic illustration of the formation process of the mZnO@uBaSO,.

the turbid of solution (Fig. 1b2). Finally, BaSO, shells grow around
the surface of luminescent canters with the introduction of Ba%*
ions and the solution turns into milky white, indicating the
mZnO@uBaSO,4 nanocomposite has been formed (Fig. 1b3). The
strategy reported in this paper is related to surface charges of
QDs, which is also suitable for those QDs with negative or positive
charges.

Note that all the above processes are performed at room tem-
perature, and over 21 g mZnO@uBaSO, powders can be synthe-
sized in one synthesis process, as shown in Fig. 2(a), which lay a
solid foundation for their future applications. The typical morpho-
logical and structural characterizations of the mZnO@uBaSO, have
been analyzed by transmission electron microscope (TEM) and
scanning electron microscope (SEM). The SEM image of the
mZnO@uBaS0O, shown in Fig. 2(b) reveals clearly that the as-
prepared mZnO@uBaSO, nanocomposite consist of well-
dispersed spherical shapes with diameter of 50-250 nm. The mean
size of the mZnO@uBaSO, nanocomposite is 137.8 £ 2.9 nm and
the size distribution is shown in the inset of Fig. 2(b). For compar-
ison, bare BaSO4 powders were also prepared by mixing BaCl, and
Na,SO, aqueous solution. The BaSO, precipitates have different
diameters and irregular shapes (Fig. S4, Supporting Information).
The difference in size and morphology are attributed to the pres-
ence of ZnO QDs, and the ZnO QDs act as cores in the formation
of mZnO@uBaSO, nanocomposite process, leading to larger size
of the nanocomposite. TEM image of the mZnO@uBaSO,4 nanocom-
posite confirms its spherical shape structure, and the ZnO QDs act
as cores, and BaSQ, as shells as shown in Fig. 2(c). The inset of Fig. 2
(c) is the magnification image of an individual mZnO@uBaSO,. The
shadows in the spherical shape are the multi-ZnO-cores, indicating

that ZnO QDs have been uniformly coated with BaSO, shell. Fig. 2
(d) shows the high-resolution TEM image of the mZnO@uBaSO,
nanocomposite. Interplanar spacing with a distance of around
0.21 nm in the margin of the nanocomposite can be observed,
which can be attributed to the BaSO, crystallites, while the inter-
planar spacing with a distance of around 0.26 nm corresponds to
the inter-planar distances of the (0 0 1) plane of wurtzite ZnO. X-
ray diffraction (XRD) patterns of the mZnO@uBaSO,4, ZnO QDs,
and BaSO4 have been investigated, as shown in Fig. 2(e). The broad
peaks of ZnO QDs correspond well to hexagonal wurtzite structure
(JCPDS 89-1397). The patterns of the mZnO@uBaSO, fit well to the
structure of crystalline BaSO, powder. There are no characteristic
diffraction peaks of ZnO QDs is visible because they are rather
weak compared with those of crystalline BaSO4. The element com-
position of the mZnO@uBaSO, characterized by EDS was indicated
in Fig. 2(f), and Zn, O, Ba, S can be found in the sample, indicating
the existence of ZnO QDs in the mZnO@uBaSO, nanocomposite.
According to the EDS analysis, the fraction of Zn atoms in the
mZnO@uBaSO, nanocomposite is about 20.29% and the corre-
sponding atomic percentages of the mZnO@uBaSO, nanocompos-
ite are shown in the inset of Fig. 2(f).

The excitation-emission matrix of the mZnO@uBaSO, nanocom-
posite powders is shown in Fig. 3(a). The emission range of the
mZnO@uBaSO, nanocomposite powders is from 530 to 600 nm,
and the corresponding optimal excitation range is from 340 to
370 nm, indicating the highest brightness emission of the
mZnO@uBaS0, powders can be achieved under UV radiation and
the powders can be used as UV-pumped down-conversion layer.
To investigate the origins of the ZnO QDs, transient photolumines-
cence spectrum of the ZnO QDs has been measured and the
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Fig. 2. (a) Image of the mZnO@uBaSO, nanocomposite powders. (b) SEM image of the mZnO@uBaS0O, and the inset is the statistical size distribution of the mZnO@uBaSO,
nanocomposite. (c) TEM image of the mZnO@uBaSO, and the inset shows the magnified image. (d) High resolution TEM image of the mZnO@uBaSO,4 nanocomposite. (e) XRD
pattern of the mZnO@uBaSO,4, ZnO QDs and BaSO,. (f) EDS pattern and element content of the mZnO@uBaSO,.

corresponding results are recorded in Table S1 (Supporting Infor-
mation). Here t; may stem from the deep-level recombination
inside the ZnO QDs; while 1, may stem from the oxygen vacancies
which responsible for yellow emission of ZnO QDs. Fig. 3(b) shows
the photoluminescence (PL) spectra of the ZnO QDs and
mZnO@uBaSO, powders, and it can be seen that the
mZnO@uBaSO, powders possess the same emission peak with
ZnO QDs, which indicates that the BaSO,4 shell around the multi-
ZnO-cores doesn’t deteriorate the emission of the ZnO QDs. The
mZnO@uBaSO, powders are white in color and show a strong yel-
low fluorescence under UV illumination (inset of Fig. 3b). BaSO,4
precipitate has been obtained by mixing BaCl, and Na,SO,4 solu-

tion, and no fluorescence can be observed and the corresponding
fluorescence spectra and photographs of bare BaSO, are shown in
Fig. S5. Under the excitation of 365 nm line, the photolumines-
cence quantum Yyield (PLQY) of the mZnO@uBaSO, powders is
37.8%, slightly higher than that of ZnO QDs (35.8%). The increased
PLQY is resulted from the less non-radiative transition centers
compared with bare ZnO QDs [7], which can be further proved
by their PL decay spectra, as indicated in Fig. 3(c). The transient
spectra of the ZnO QDs can be well fitted employing two-order
exponential expression, and the average lifetime T,y is calculated
to be 80.59 ns. While for the mZnO@uBaSQy,, the lifetime is 219.50
ns and the corresponding results are recorded in Table S1
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Fig. 3. (a) The excitation-emission matrix of the mZnO@uBaSO, nanocomposite powders. (b) Fluorescence spectra of the ZnO QDs and mZnO@uBaSO,, and the inset shows
the corresponding images of the mZnO@uBaSO,4 nanocomposite powders under indoor and UV lighting conditions. (c) Transient photoluminescence spectra of the ZnO QDs
and mZnO@uBaSO0,. (d) Absorption spectrum of the ZnO QDs, mZnO@uBaSO,4 and BaSO,.

(Supporting Information). From the PL decay curves, it can be seen
that the luminescence lifetime of the mZnO@uBaSO;, is longer than
that of ZnO QDs, revealing that non-radiative centers decreases in
the mZnO@uBaO, nanocomposite. The reasons maybe that the
non-radiative transition centers of the ZnO QDs are eliminated in
the process of embedding and result in the increase of radiative
transition rates during the non-equilibrium sorption process. The
UV-Vis absorption spectra of the ZnO QDs, mZnO@uBaS0O,4, and
BaSO, are shown in Fig. 3(d). ZnO QDs and mZnO@uBaS0O,4 show
analogous maximum absorption peak at 360 nm, which can attri-
bute to the near-band-edge absorption of ZnO. Note that BaSO4
shows little absorption in the UV and visible region, indicating
the emission from multi-ZnO-cores will not be absorbed by the
BaS0,. The above results show that BaSO4 has almost no influence
in absorption and emission band of ZnO QDs, leading to efficient
photon emitting from the mZnO@uBaSO,.

In our previous work, ZnO QDs will discompose when sur-
rounding pH value is lower than 5.5, which means that the ZnO
QDs are unstable [30]. To test the stability of the mZnO@uBaSO,
nanocomposite, the ZnO QDs and mZnO@uBaSO,4 nanocomposite
are placed in ethanol solution with pH value varies from 1 to 12,
and the corresponding fluorescence images are shown in Fig. 4.
Also, it is an effective way to verify whether the ZnO QDs are
coated by BaSO, shell or not. The fluorescence of the ZnO QDs
decreases greatly with the decreases of pH value, and it vanishes
almost completely when the pH value of solution is smaller than
5, indicating the ZnO QDs dissolve in the acid solution completely
(Fig. 4a). In addition, the fluorescence of the ZnO QDs will also
decrease in alkaline environment, as shown in Fig. 4(a). The corre-
sponding PL spectra are shown in Fig. S6(a). The dependence of the
fluorescence intensity of ZnO QDs on the pH value of the solution is
shown in Fig. 4(b), and the maximum fluorescence intensity occurs

when the pH value is 7. The above data indicate that the ZnO QDs
are very sensitive to the surrounding pH values, and the fluores-
cence even vanishes when they are put in acidic conditions.
Fig. 4(c) shows the fluorescence images of the mZnO@uBaSO, pow-
ders soaked in ethanol solution with pH values from 1 to 12 for 5 h.
Compared to the ZnO QDs, the fluorescence intensity of the
mZnO@uBaSO, powders changes little in acidic and alkaline envi-
ronment, indicating the BaSO, shell encapsulates multi-ZnO-cores
completely and can separate ZnO QDs with the outside environ-
ment effectively. The corresponding PL spectra are shown in
Fig. S6(b) and the fluorescence intensity of the mZnO@uBaSO, ver-
sus surrounding pH value is shown in Fig. 4(d). Note that the fluo-
rescence intensity of the mZnO@uBaSO, powders keeps almost
unchanged in different pH value surroundings. The improved
acidic and alkaline environment resistance of the mZnO@uBaSO,
powders promises their application in harsh environment.

The stability of phosphors is a key issue that determines the
performance of WLEDs, thus the stability of the mZnO@uBaSO,
and bare ZnO QDs in photo, thermal and ambient aspects is
accessed. The PL intensity of the mZnO@uBaSO,4 and ZnO QDs pow-
ders along with the UV illumination (0.15 mW/cm?) is shown in
Fig. 5(a) and corresponding testing process is shown in Fig. S7.
The scattered symbols are experimental data and the dot lines
are the fitting results of the experimental data using the following
single-order exponential decay formula:

Y = Yo+ Arexp (=x/t) 1)

where y is the emission intensity, yo, A; are constants, and t is
time. The PL intensity of the ZnO QD powders will decrease to
about 30% of the initial intensity after 60 h of continuous radiation
under UV illumination, while that of the mZnO@uBaSO,4 powders
can maintain more than 70% after 60 h of UV illumination, as
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indicated in Fig. 5(a). The

insets of the figure show the optical

images of the mZnO@uBaS0O,4 and ZnO QDs powders under UV illu-
mination at different time intervals, and it is obvious that the emis-

sion of the ZnO QDs powders decreases significantly while that of
the mZnO@uBaS0O,4 powders decreases little in the investigated
range, indicating that the mZnO@uBaSO, powders have better
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photostability than bare ZnO. The improved photo-stability of the
mZnO@uBaSO, powders ensures their PL stability under long time
ultraviolet radiation when packaged it on UV chips.

Thermal stability is another important indicator for phosphors
used in LEDs, thus the thermal stability of the ZnO QDs and
mZnO@uBaSO, powders is analyzed. The samples were annealed
in an oven with temperature from 60 to 220 °C for 30 min and
the corresponding peak centered at 560 nm and PL intensity of
the ZnO QDs and mZnO@uBaSO, powders after heat treatment
are recorded, as shown in Fig. 5(b) and Fig. S8. As shown in Fig. 5
(b), when the annealing temperature increases from 60 to 160 °C,
the luminescence intensity of the mZnO@uBaSO, powders can
maintain constant. While for bare ZnO QDs, the luminescence
intensity begins to decreases when the annealing temperature is
above 120 °C. The above results indicate that the thermal stability
of the mZnO@uBaS0O,4 powders is better than that of the bare ZnO
QD powders. In addition, the mZnO@uBaSO, powders show stabil-
ity to some common organic solvents such as acetone, dimethyl
formamide, methanol, ethanol and water. The PL spectra of the
mZnO@uBaSO, powders sediment in these organic solvents are
shown in Fig. 5(c), and the corresponding images are shown in

the inset of Fig. 5(c). The PL spectra of the mZnO@uBaSO,4 powders
reveal that the emission of the mZnO@uBaSO,4 powders is stable in
the organic solvents and no emissions are observed in the super-
natant solution (Fig. S9, Supporting Information), indicating the
good ambient stability of the mZnO@uBaSO, powders, and the
ambient-stability ensure that the mZnO@uBaSO, powders can
maintain high luminous efficiency in the packaging process. The
temporal stability of phosphors is also a key issue that determines
the performance of WLEDs when they keep working for a long
time, thus the temporal stability of the mZnO@uBaSO, powders
is analyzed under ambient conditions. The corresponding PL spec-
tra are shown in Fig. S10 and the peak centered at 560 nm is
recorded in Fig. 5(d). The line shape and fluorescence intensity of
powders keep almost unchanged within 40 days, indicating the
good stability of the mZnO@uBaSO, powders synthesized in this
route. Obviously, the improved photo-, thermal- and ambient-
stability of the mZnO@uBaSO, powders compare to ZnO QDs
ensures that the mZnO@uBaSO, powders can keep high perfor-
mance when employed as phosphors in WLEDs. Another common
inorganic material used for modifying QDs is SiO,. For comparison,
we attempt to embed ZnO QDs into SiO, matrix through Stober
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Fig. 6. (a) EL spectra of the UV chips coated with the mZnO@uBaSO, phosphors under different driven currents from 10 mA to 110 mA. (b) CCT and luminous efficiency of the
fabricated LED under different driven currents. (c) Images of the WLED under different drive currents. (d) Images of some fruits under the illumination of sunlight and the

WLEDs (e).
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method and the stability of the ZnO@SiO, nanocomposite is ana-
lyzed. The ZnO@SiO, nanocomposite is placed in ethanol solution
with pH value of 1, 2, 4, 7, 9, 12, and the corresponding fluores-
cence images are shown in Fig. S11. The fluorescence intensity of
the ZnO@SiO, decreases greatly in the acid and alkaline solution
indicating ZnO@SiO, nanocomposite is unstable in harsh environ-
ment. In addition, the fluorescence intensity of the ZnO@SiO, pow-
ders under continuous UV illumination is shown in Fig. S12. The
fluorescence intensity of the ZnO@SiO, powders will decrease to
about 50% of the initial intensity after 10 h of continuous UV radi-
ation, while that of the mZnO@uBaSO, powders can maintain more
than 70% after 60 h of under UV illumination reported in this
paper. The possible reason is that above encapsulation strategies
rely on physical adsorption and ZnO QDs cannot be packaged
completely.

As discussed above, the mZnO@uBaSO, powders have improved
photo-, thermal-, and ambient-stability compare to the bare ZnO
QD powders. Based on the above advantages, UV-pumped LEDs
have been fabricated by coating the mZnO@uBaSO, powders and
commercial blue phosphors mixtures onto 365 nm UV-chips. The
luminescence spectra of the LEDs can be adjusted by varying the
mass ratios of these two phosphors, and the corresponding electro-
luminescence (EL) spectra of the LEDs are shown in Fig. S13(a). The
spectra of the as-fabricated LEDs consist of two emission bands
peaked at 450 nm and 560 nm, which can be assigned to the emis-
sion of commercial and mZnO@uBaSO, phosphors, respectively.
The corresponding PL spectra of commercial phosphors are shown
in Fig. S14. By adjusting the intensity ratio of the commercial and
mZnO@uBaSO, phosphors (7:1(A), 4:1(B), 3:1(C), 2.2:1(D), 1.7:1
(E), 1.4:1(F), 1.1:1(G), 0.97:1(H), 0.67:1(I)), the correlated color
temperature (CCT) of the LEDs can be tuned from 8858 K to
3770 K and the CIE color coordinates shift from (0.20, 0.14) to
(0.42, 0.48), as shown in Fig. S13(b). It can be seen that the LEDs
can be tuned from cool white to warm white. White LED with
the CIE coordinate of (0.32, 0.33) can be realized, which is very
close to the standard CIE coordinate of WLED (0.33, 0.33).
Fig. S13(c) shows the photographs of the UV-pumped WLED (Inset)
and the operating WLED. Bright white light can be observed when
the injection current is 80 mA and the CIE coordinate, CCT and the
CRI of the WLED is (0.32, 0.33), 6109 K, and 85, indicating that the
WLED is suitable for lighting and displaying. The EL spectra of the
WLEDs under different currents from 10 mA to 110 mA are shown
in Fig. 6(a). From the EL spectra, the emission intensity of the
WLED increases when the driven current increased from 10 to
110 mA and the CIE coordinate, CCT and luminous efficiency shows
slight changes from (0.31, 0.32) to (0.32, 0.33), 6085 K to 6116 K
and 46.1 Im/W to 47.33 Im/W with the increase of driven current
from 10 mA to 110 mA as shown in Fig. 6(b) and Fig. S15. The rea-
son for the color coordinate and CCT show slight changes with
injection current is that most the photons emitted from the UV
chip can be absorbed by the multi-ZnO-cores@uni-BaSO4-shell
phosphors to convert to visible emission when the injection cur-
rent is small, while with the increase of the current, some of the
emitted photons cannot be absorbed by the multi-ZnO-
cores@uni-BaS0O4-shell phosphors, thus portion of the UV emission
increases in the whole emission spectrum of the LEDs, leading to
the shift of the CCT and color coordinate. These results show that
the mZnO@uBaSO, phosphors have high stability against the
increase of driven current. The images of the WLED under driven
current ranging from 10 mA to 110 mA are shown in Fig. 6(c).
Obvious white emissions can be observed when the drive current
is 10 mA, and the intensity increases gradually with the driven cur-
rent. In order to assess the color rendering ability of the WLED fur-
ther, the photographs of some fruits were taken under the lighting
of the sunlight and WLED as shown in Fig. 6(d) and (e). It can be
clearly seen that the WLED is able to show the true colors of the

fruits. Considering the abundant and bio-compatible substances
used in the mZnO@uBaSO, phosphors, the results may promise
their bright prospect in eco-friendly and healthy lighting and
displaying.

3. Conclusions

In conclusion, mZnO@uBaSO, phosphors have been prepared
via a non-equilibrium sorption process. The mZnO@uBaSO4
nanocomposite shows improved photo-, thermal- and ambient-
stability compare with bare ZnO QDs due to the protection of
BaSO, shells. The mZnO@uBaSO, nanocomposite powders have
been packaged onto a UV chip as luminescent phosphors of LEDs,
and the CCT, CIE, luminous efficiency and CRI of the LEDs are
6109 K, (0.32,0.33),47.33 Im/W and 85, which is close to the stan-
dard values of warm white emission. The results reported are suit-
able for lighting and displaying. It provides a promising pathway
towards low cost, eco-friendly, and highly efficient UV-pumped
WLED:s.

4. Materials and methods
4.1. Materials

The precursors used in this study include zinc acetate dihydrate
(Zn(Ac),-2H,0, purity > 99%), potassium hydroxide (KOH, purity >
99%), 3-aminopropyltriethoxysilane (APTES, purity > 98%), barium
chloride (BaCl,-2H,0, purity > 99.5%), sodium sulfate (Na,SOg4, pur-
ity >99%) and ethanol (purity > 99.9%), etc. All of the chemicals
were purchased from Macklin Chemistry Co. Ltd (Shanghai, China).
Note that all the chemicals used in this work were analytical grade
without further purification.

4.2. Synthesis of ZnO QDs

The ZnO QDs were prepared according to the method reported
in our previous work [27]. 11 g (50 mmol) Zn(Ac),-2H,0 was dis-
solved in 300 ml ethanol solution and the solution was refluxed
under continuous stirring for 5 min at room temperature. Then
40 ml 70 mmol KOH solution was added into the Zn(Ac),-2H,0
ethanol solution under continuous stirring for 5 min, then the solu-
tion became colorless and transparent, indicating the ZnO QDs
have been formed. Then mixtures of 3 ml deionized water and
800 pl 3-aminopropyltriethoxysilane (APTES) were added into
the above solution under continuous stirring for 1 h. After that,
the obtained precipitates were washed using ethanol for several
times to remove the unreacted precursors. Finally, the ZnO QDs
precipitates were dried in an oven at 60 °C for 12 h to form ZnO
QD powders.

4.3. Preparation of mZnO@uBaSO, phosphors

3 g Zn0 QDs powders were dissolved into 100 ml water to pre-
pare ZnO QDs aqueous solution, then 100 ml of 0.5 moll~! Na,SO,4
aqueous solution was added into the ZnO QDs aqueous solution,
and the mixture was stirred for 3 min under continuous stirring.
Then 100 ml of 0.5 moll~! of BaCl, aqueous solution was added
into the mixture resulting in the formation of milky precipitate,
indicating the mZnO@uBaSO,4 have been formed. The precipitates
were washed using water for several times to remove the unre-
acted precursors. Finally, the precipitates consisted of
mZnO@uBaSO, nanocomposite was dried in an oven at 60 °C for
12 h to form mZnO@uBaSO, powders.
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4.4. Preparation of ZnO@SiO, phosphors

10 ml of an ethanol solution containing 0.3 g ZnO QDs and 1 ml
of tetraethoxysilane (TEOS) were added to above solution, and then
the solution was treated with ultrasound for 30 min. Subsequently,
0.5 ml of ammonia was added slowly to the above solution with
continuous stirring for 2 h under a nitrogen atmosphere. After that,
the obtained precipitations were washed using ethanol for several
times to remove the unreacted precursors. Finally, the ZnO@SiO,
precipitations were dried in an oven at 60 °C for 10 h.

4.5. Fabrication of LEDs

For the fabrication of WLED, polydimethylsiloxane (PDMS) were
premixed with the mZnO@uBaSO, phosphors and blue commercial
BaMgAl;00,7: Eu phosphors with different mass ratios of 2:0.5,
2:0.45, 2:0.4, 2:0.35, 2:0.3, 2:0.25, 2:0.2, 2:0.15 and 2:0.1 (marked
as A-I), respectively. The mixed phosphors were packaged onto the
UV chip with 365 nm. After that, the as-prepared LEDs were placed
into an oven at 100 °C for 1 h to fabricate mZnO@uBaSO, based
WLEDs.

4.6. Characterizations

X-ray diffraction (XRD) patterns were obtained on X'Pert Pro
diffractometer SEM (JSM-6700F) and TEM (JEM-2010) was
employed to characterize the size and crystallinity of the samples.
EDS were conducted on Oxford Instruments. Fluorescence spectra
and PLQYs were obtained on Hitachi F-7000 spectrophotometer.
The luminous efficiency is recorded by radiometers PM6612L.
UV-vis absorption spectra were obtained using a UH4150
spectrophotometer.
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