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a b s t r a c t

Metal-halide perovskites have been hailed as remarkable materials for photovoltaic devices and, recently,
their star has also been on the rise in optoelectronics and photonics. Nevertheless, challenging issues,
such as the thermal/chemical stability and high-performance devices with long-term stability, limit their
practical applications. Here, we successfully prepared CsPbBr3 NCs incorporated into mesoporous silica
(NCs-MS) by a simple stirred of MS with CsPbBr3 NCs blended in toluene solution. The resultant NCs-MS
nanocomposite exhibit excellent optical performance and good thermal and photostability under illu-
mination of UV light for 120 h. Additionally, NCs-MS nanocomposite is resistant to water, which are
beneficial for the fabrication of white light-emitting diode (WLED) devices. Thereby a WLED was con-
structed by combining NCs-MS nanocomposite with Sr2Si5N8:Eu

2þ red phosphor on an InGaN blue chip,
achieving a highly efficient luminous efficacy of 47.6 lm/W. Moreover, the WLED also demonstrate
wonderful color stability under 120 mA current. This work opens up the exciting opportunity of using all-
inorganic CsPbBr3 NCs-MS nanocomposite for high performance and low-cost WLEDs applications.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Metal-halide perovskites with a crystal structure of ABX3, where
A is a monovalent cation (Csþ, CH3NH3

þ or (NH2)2CHþ) and B is an
inorganic metal cation (Pb2þ or Sn2þ) in an octahedral coordination
with six halide anions X (X ¼ Cl, Br or I), have been extensively
studied [1e8]. Over the past years, hybrid organic-inorganic lead
halide perovskites, i.e., CH3NH3PbX3 (X ¼ Cl, Br, and I), have been
intensively explored as promising photovoltaic materials and a
respectable certified power conversion efficiency exceeding 22%
has been achieved so far. More importantly, all-inorganic perov-
skite NCs (CsPbX3 NCs with X ¼ Br, I, Cl) have emerged as a new
class of semiconductor NCs with remarkable optical properties,
impressive high quantum yields (QYs), narrow full width at half
maximums (FWHMs), and with huge promise in NC-based photo-
voltaics, light-emitting diodes (LED), and lasing applications
[9e17]. Their emission lights not only cover the entire visible
xiangweidong001@126.com
spectra region and can be easily adjusted by controlling their
composition and crystal size, but also their synthesis can be done
with much lower temperatures and simpler procedures that are
more facile and precise than cadmium chalcogenide based NCs
[18,19]. Song et al. demonstrated LEDs of different colors based on
CsPbX3 (X ¼ Cl, Br or I) NCs, while Zhang and co-workers recently
reported the improved brightness of CsPbBr3 NCs based green LEDs
by introducing a thin layer of perfluorinated ionomer in between
the hole transporting layer and the light-emitting perovskite layer
[12,20].

In spite of their outstanding optical performance and high QYs,
several challenging issue, such as the easy degradation under hu-
mid conditions and the thermal/moisture stability. From a practical
viewpoint, when NCs are exposed to an external source of energy
for a long time, several factors such as humidity, light, temperature,
and oxygen, can induce the degradation. This is critical for practical
photoelectronic applications, where long-term stability and cost-
effectiveness are crucial [21e24]. Currently, significant ongoing
research efforts have been devoted to improve the stability. For
example, Pan et al. have demonstrated stability in air at high optical
fluence for more than one day by passivating their surface with
di(dodecyl)dimethylammonium sulfide [25], while the Manna's
group employed X-ray irradiation to treat NCs, thus caused
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intermolecular C]C bonding of the organic ligands that coated on
the NCs surface to enhance the stability in air [26]. Additionally,
Mn2þ:CsPbCl3/CsPbCl3 NCs, CsPbX3/ZnS NCs heterostructure, and
phosphonic acid stabilized CsPbX3 NCs were reported, wherein the
stability of NCs was significantly improved [27,28]. To the best of
our knowledge, most inorganic matrix materials are mechanically
robust and airtight. Among them SiO2 often are used as protection
materials to protect phosphors, and metals from oxidations, cor-
rosions or other chemical attacks owing to the very low diffusion
rates. The inert silica encapsulation has a great potential to solve
the stability and toxicity issues of NCs as the layer would block both
the penetration of reactive oxygen andwater to the NCs surface and
the release of toxic heavy metal ions into the environment.
Furthermore, SiO2 is feasible to transfer various types of hydro-
phobic NCs into aqueous solution or change their surface func-
tionality to meet specific requirements for real applications [29].
Therefore, many interesting properties have been reported in this
material, such as Zhang et al. used organosilicon (3-aminopropyl)
triethoxysilane (APTES) as capping agent to synthesize QDs/silica
composites by the hydrolysis [30]. In addition, Huang and co-
workers utilized surface protection of NCs with polyhedral oligo-
meric silsesquioxane (POSS) [31]. Nevertheless, both methods
achieved lower improvements in the stability of the QDs, particu-
larly the thermal stability. No available QDs have yielded high-
performance devices with long-term stability. It is, hence, imper-
ative to develop an efficient and stable approach that improves the
stability of NCs to fabricate high-performance LEDs, And endow
NCs material immune to degradation, in particular, by moisture,
such that long-term device stability can be attained.

Herein, we successfully incorporated CsPbBr3 NCs into meso-
porous silica (NCs-MS) with a non-chemical process in toluene, and
obtained an excellent luminescent NCs-MS nanocomposite with
remarkable optical performance and high stability in humidity
environment. It is worth to note that the PL QY of the NCs-MS
nanocomposite was mostly preserved as 46% and did not have
huge change after 120 h. For the fist time, a white LED (WLED) was
constructed by mixing the as-prepared green-emitting NCs-MS
nanocomposite and red-emitting Sr2Si5N8:Eu2þ red phosphors
with promising performance at a driving current of 20 mA, as well
as high long-term stability. NCs-MS nanocomposite have shown
great potentials to practically utilize NCs in LED device with high
efficiency and stability for lighting as well as displays.

2. Experimental

2.1. Materials

All the chemicals were usedwithout further purification, cesium
carbonate (Cs2CO3, 99.9%), lead bromide (PbBr2, 98%), oleic acid
(OA, 90%), oleylamine (OAm, 90%), 1-octadecene (ODE, 90%),
toluene (98%), mesoporous silica (99.5%) were purchased from
Aladdin.

2.2. Synthesis of CsPbBr3 NCs

0.814 g Cs2CO3, 30 mL ODE, 2.5 mL OAwere added into a 100mL
3-neck flask, dried and heated to 120 �C under N2 for 1 h. Then
further heated to 150 �C until a clear solution was observed. Then
10 mL ODE, 0.376 mmol PbBr2, 0.6 mL OA and 0.6 mL OAm were
loaded into a 50 mL 3-neck flask, dried under vacuum for 1 h at
120 �C, then switch to N2 protection until solution became clear.
Afterward, the temperature was increase to 180 �C and 0.8 mL Cs-
oleate solution (preheated to 100 �C) was injected into the as-
prepared solution. After 5s later, the 3-neck flask was placed in
an ice-water bath and cooled to room temperature. The crude
solution was centrifuged at 8000 rpm for 10 min, and then the
precipitate was dispersed in toluene solution. One more centrifu-
gation was required for purifying the final NCs.

2.3. Coating of CsPbBr3 NCs with mesoporous silica nanocomposite
(NCs-MS)

The preparation was performed by mixing the CsPbBr3 NCs
toluene solution with mesoporous silica in a 3-neck flask. The so-
lution was stirred for 1 h under N2 protection. Afterward, the pre-
cipitate was obtained by centrifugation at 5000 rpm for 10 min,
then the precipitate was dried at 40 �C for 30 min under vacuum
(Fig. 1).

2.4. Fabrication of WLEDs

To investigated the potential of NCs-MS nanocomposite appli-
cations in WLEDs, the as-prepared green-emitting NCs-MS nano-
composite, Sr2Si5N8:Eu2þ red phosphors and silica gel (gel A:gel
B ¼ 1:1) were mixed in 20 mL beaker to obtain a homogeneous
latex. Finally, the WLEDs was fabricated by combining the latex
with blue-emitting InGaN chip and then dried in a vacuum oven at
50 �C. Note that the optical performance of the as-prepared WLEDs
can be tuned by changing the relative proportion of NCs-MS
nanocomposite and phosphor, and the coating volume of NCs-
MS/phosphor silicone gel.

2.5. Characterizations

The structure and phase purity of the as-fabricated NCs in so-
lution and NCs-MS nanocomposite were confirmed by X-ray
diffraction (XRD, D8 Advance, Bruker, Germany) with Cu Ka radi-
ation operated at 40 kV and 40 mA. To realize the microstructure of
NCs in solution and the distribution of particles size, transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
images were obtained using FEI Tecnai F20 operating at 200 kV. To
further realize the surface structures of the sample, X-ray photo-
electron spectroscopy (XPS) analysis was collected using an Axi
Ultra DLD spectrometer with monochromatic Al Ka as the excita-
tion source. The photoluminescence (PL), PL quantum efficiency
(QY) and temperature-dependent emission spectra of the samples
were gained on a spectrofluorometer (Edinburgh, FS5) equipped
with both continuous (150 W) and pulsed xenon lamps. The decay
curves of the samples were obtained using a spectrofluorometer
(Edinburgh, FLS920) equipped with a 460 nm pulsed diode laser
(EI-EPL-460). Optical properties of WLEDs such as the luminous
efficacy, chromaticity coordinates, color rendering index, and
correlated color temperature were measured using an integrating
sphere (PMS-50, Everfine, China) under a forward current of 20mA.

3. Results and discussion

The prepared all-inorganic perovskite CsPbBr3 NCs was inves-
tigated using the transmission electron microscopy (TEM) as
illustrated in Fig. 2. It can be seen that CsPbBr3 NCs has a uniform
nanocube morphology and a high crystallinity with perovskite
structure (Fig. 2b). In addition, NCs has a size around 13 nm (Fig. 2a
and inset), and the size of the NCs was beyond the calculated Bohr
exciton diameter of CsPbBr3 (~7 nm) [32], which indicate a weak
quantum confinement effect for our CsPbBr3 NCs. The calculated
optical band gap of CsPbBr3 NCs is about 2.4 eV. According to the
UVevis absorption spectra (Fig. 5a), which is quite close to the
previously reported value of 2.3 eV for CsPbBr3 single crystals [33].
It should be mentioned that the corresponding high-resolution
TEM (HRTEM) image was presented in Fig. 2c. The interplanar



Fig. 1. Schematic illustration of formation of NCs-MS nanocomposite.

Fig. 2. (a) TEM micrograph of the CsPbBr3 NCs; inset shows the size distribution of
CsPbBr3 NCs, (b) Schematic illustration of the perovskite cubic crystal structure, (c)
HRTEM image of CsPbBr3 NCs.
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distance were measured to be around 0.58 nm, which is corre-
sponding to the (100) crystal plane of the cubic perovskite CsPbBr3
NCs (PDF#54-0752). Based on the abovementioned results, we
concluded that CsPbBr3 NCs have a very good crystallinity, which is
preferred for improving the luminescence efficiency and the LED
device performance.

Generally, CsPbX3 are known to crystallize in orthorhombic,
tetragonal, and cubic polymorphs of the perovskite lattice with the
cubic phase being the high-temperature state for all compounds
Fig. 3. XRD patterns of CsPbBr3 NCs, MS treated CsPbBr3 NCs, and the MS. The top and
bottom pattern is the standard XRD pattern of orthorhombic and cubic phase CsPbBr3.
[4]. In our work, we find that the CsPbBr3 NCs crystallize in the
cubic phase (Fig. 3), which can be owing to the combined effect of
high synthesis temperature and contributions from the surface
energy. Fig. 3 shows the X-ray diffraction (XRD) pattern of the solid
film of CsPbBr3 NCs, which was fabricated using the spin-casting
method to deposit the solution of as-synthesized CsPbBr3 NCs on
the upper surface of the quartz substrates, the as-prepared MS
treated CsPbBr3 NCs (NCs-MS) and the pure MS. As can be seen, the
CsPbBr3 NCs exhibited a cubic perovskite structure (PDF#54-0752),
but only the (100) and (200) diffraction peaks of the cubic perov-
skite structure were obtained, indicating the sample exhibited
preferential assembly along (100) and (200) planes during the film-
forming process [24]. But differs from Ref. [17] that suggested
orthorhombic phase for CsPbBr3 NCs. In contrast, the sample of the
as-prepared NCs-MS nanocomposite showed that the diffraction
peaks with the 2-Theta values located at 15.01�, 21.2�, 30.4�, and
37.6� are consistent well with the (100), (110), (220), and (211)
planes of the standard cubic CsPbBr3 (PDF#54-0752). The pure MS
has one broad peak corresponding to its amorphous structure,
which is similar to other reports [4]. At the same time, a broad peak
around 20�e25� was also observed in the NCs-MS nanocomposite
sample, which was possibly owing to the amorphous structure of
MS. An X-ray photoelectron spectroscopy (XPS) result of the NCs-
MS nanocomposite was also analyzed. As shown in Fig. 4a and d,
the main peaks of Cs 3d, Pb 4f and Br 3d have the similar binding
energies compared to the NCs reported by other groups [34,35]. To
further confirm the chemical bond configuration of the element,
the bonding states of Br was investigated. As shown in Fig. 4d, the
Br 3d peaks can be fitted into two peaks (3d5/2, 3d3/2) with binding
energies of 67.9 and 68.3 eV, respectively, which correspond to the
inner and surface ions. It worth noting that the position and the
shape of main peak for Si 2p from the NCs-MS nanocomposite are
nearly the same to other report [30], indicating the SiO2 is well
dispersed in the nanocomposite.

To better understand the fluorescence properties, we studied
the PL emission and absorption spectra of NCs solution and as-
prepared NCs-MS nanocomposite, as shown in Fig. 5a and inset,
respectively. As we can see, NCs solution and NCs-MS nano-
composite all showed a very strong green fluorescence under UV
excitation (365 nm). Absorption spectra of NCs-MS nanocomposite
did not change much compared to the solution. However, the PL
emission wavelength of NCs-MS nanocomposite was shifted
approximately 3 nm from 518 nm to 521 nm, which is owing to the
enlarged particle size. It is worth to note that little variation of the
full width at half-maximum (FWHM) (25 nm for NCs-MS nano-
composite) was seen due to the Ostwald ripening. The existence of
defect related states in the gap between the valance band and the
conduction band will capture electrons from the conduction band,
fromwhich the defect-related emitting states will be detected. The
independence of the position and shape of the NCs-MS nano-
composite emission band on the excitation wavelengths ranging
from 365 to 500 nm indicates the absence of the defect-related
emitting states for the present sample (Fig. 5b). Furthermore, the
time-solved decay spectra of the NCs-MS nanocomposite and so-
lution are shown in Fig. 5d, The PL decay spectra can be fitted by a
second order exponential formula, and the two-component decay
model is described as below:

FðtÞ ¼
X

aie
�ðt�toÞ=ti i ¼ 1;2 (1)

where ai is a prefactor and ti is the excited-state fluorescence
lifetime associated with the ith component. As we can see that the
PL decay lifetimes were 13.6 (for NCs solution) and 10.2 ns (for NCs-
MS nanocomposite), respectively, which are similar to other works



Fig. 4. (a) XPS spectra of NCs-MS nanocomposite, high resolution spectra of (b) Cs 3d, (c) Pb 4f, (d) Br 3d, (e) Si 2p, (f) O 1s.

Fig. 5. (a) The absorption (dashed line) and PL (solid line) spectra of the CsPbBr3 NCs in solution and the as-prepared NCs-MS nanocomposite. (b) PL spectra recorded under the
excitation of diverse wavelength lights ranging from 365 to 500 nm. (c) Time-resolved PL decay curves of solution and NCs-MS. (d) PL spectra of the NCs-MS exposed to ambient air.
Inset of (a): images of NCs in solution and NCs-MS under UV light.
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[36,37]. As shown in Fig. 5d, the PL emission position and shape of
NCs-MS nanocomposite did not show significant change under
ambient condition for one month, which indicate that NCs-MS
nanocomposite have outstanding stability in ambient condition.
Therefore, NCs-MS nanocomposite not only exhibits outgoing
fluorescence performance but also presents good stability.

To some extent, the thermal quenching of luminescence is also an
important parameter to evaluate the performance of optical mate-
rials. Normally, the PL intensity gradually decreases with an increase
in temperature,which is the universal properties in opticalmaterials
due to the enhanced probability of nonradiative transition at high
temperature [13]. As shown in Fig. 6a and b and insets, we used a
thermal controller system to test the thermal stability. When the
temperature ranged from298 K to 398 K, the relative intensity of the
NCs-MS nanocomposite was decreased to 35%, which was higher
than that of the CsPbBr3 NCs, which is owing to oxidation of the NCs
surface is suppressed even at elevated temperature after silica
coating. The result demonstrated that the as-prepared NCs-MS
nanocomposite exhibit much better thermal stability than CsPbBr3
NCs. Moreover, a photostability test of the NCs-MS nanocomposite
and CsPbBr3 NCs were implemented under continuous UV-light
(365 nm) irradiation. In Fig. 6c, after 120 h, the relative intensity of
CsPbBr3 NCs was decreased to about 40%. Because the NCs only have
a core structure, which is easily exposed to oxygen and thus causes
surface defects. However, the emission intensity of NCs-MS nano-
composite was approximately equal to 80% of the initial intensity. In
a further experiment, Fig. 6d demonstrated the PL QY of NCs-MS
nanocomposite under an excitation wavelength of 365 nm with
the increasingmaintenance time in air condition. Clearly, the PLQYof
NCs-MS nanocomposite wasmeasured as 46.2%, and after 120 h, the
Fig. 6. Temperature-dependent PL spectra of (a) CsPbBr3 NCs-MS nanocomposite and (b) pu
function of temperature in (a) CsPbBr3 NCs-MS nanocomposite and (b) pure CsPbBr3 NCs; (c
NCs-MS nanocomposite; inset: images of NCs-MS nanocomposite and CsPbBr3 NCs before
PLQY decreased to 38%, which indicate NCs-MS nanocomposite
show long-term stability. Generally, the NCs only have a core struc-
ture, which is easily exposed to oxygen condition and thus causes
surface defects. The mesoporous silica shell can act as a protective
shell for the core of CsPbBr3 NCs. The water resistance of NCs-MS
nanocomposite was investigated by placing it in an aqueous solu-
tion. As shown in the inset of Fig. 6d, theNCs-MSnanocomposite still
emit strong green light inwater even after 3 h, whereas CsPbBr3 NCs
was almost completely degraded after 20 s. As already mentioned
above, NCs-MS nanocomposite exhibit better thermal stability and
photostability.

To further investigate the potential application of NCs-MS nano-
composite, a WLED was fabricated by combining green-emitting
NCs-MS nanocomposite and red-emitting Sr2Si5N8:Eu2þ (SSN:Eu2þ)
phosphor with blue InGaN chip. Additionally, considering the heat
generated by the blue chips, an effective way to avoid the tempera-
ture effect was adopt. That is the remote phosphor configuration in
which the phosphor layer is separated from blue chips. In this way,
phosphor layer receivemuch less heat released from the chips owing
to the appreciable distance between phosphor and blue chips. Fig. 7a
presents the EL spectra of the NCs-MS nanocomposite and red
SSN:Eu2þ phosphor on a blue InGaN chip for generate white light.
Obviously, three emission peaks can be seen, which are attributed to
the blue chip, green NCs-MS nanocomposite and red SSN:Eu2þ,
respectively. Under the current of 20 mA, the working WLED was
shown inset of Fig. 7b and exhibited excellent optical parameters
with luminous efficiency (LE) of 47.6 lm/Wand color rendering index
(CRI) 72.3, the chromaticity coordinates and corrected color tem-
perature (CCT) of the WLED were (0.3365, 0.3390) and 5318 K. In
addition, with increasing ratio of SSN:Eu2þ phosphor, the CIE color
re CsPbBr3 NCs in the temperature range of 298e398 K, inset: the relative intensity as a
) Photostability test of the NCs-MS and pure CsPbBr3 NCs. (d) The PLQY stability of the
and after immersion in aqueous solution.



Fig. 7. (a) EL spectra of the WLED using the green-emitting NCs-MS nanocomposite and red-emitting Sr2Si5N8:Eu2þ phosphor. (b) CIE color coordinates of the WLED with devise
ratios of NCs-MS nanocomposite and Sr2Si5N8:Eu2þ, the inset shows the photograph of the white light. (c) EL spectra of the WLED under different driving currents ranging from 20
to 120 mA, inset shoes the CCT ans CRI at different currents. (d) CIE color coordinates of the WLED at different currents. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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coordinates shift to warm white area (Fig. 7b). To evaluate the color
stability of this WLED device, the EL spectra of the fabricatedWLEDs
under different current were investigated and shown in Fig. 7c.With
increasing the current from20 to 120mA, the LE decreased from47.6
lm/W to 12.9 lm/W. The decrease of LE is because of the application of
the green-emittingNCs-MSnanocomposite and thermal degradation
in LED application when used for the generation of white light. The
inset of Fig. 7c demonstrated the variation of both CCT and CRI with
increasing the current. Clearly, the CCT consequently increased from
5318 to 6253 K, while the CRI decreased from 72.3 to 70.2. Moreover,
the correspondingCIE chromaticity coordinateswas shown in Fig. 7d,
as we can seen, the CIE chromaticity coordinates are found slightly
shifted to blue from (0.3365, 0.3390) to (0.3247, 0.3215). These results
demonstrate that the WLED has excellent color stability. As a
consequence, although NCs-MS nanocomposite are weak under a
high current density, the practical feasibility ofwhite light generation
as down-conversion WLEDs is investigated.
4. Conclusions

In summary,we reported a simple and efficientmethod toprepare
highly green luminescent and stable CsPbBr3 NCs-MS nano-
composite,whichwas fabricated usingCsPbBr3NCs incorporated into
mesoporous silica, for white light generation in optoelectronic de-
vices. The resultant NCs-MS nanocomposite showed excellent optical
performanceand anarrowemissionwidth. Additionally, compared to
the pure CsPbBr3 NCs, the formedNCs-MS nanocomposite is resistant
to water, thereby significantly prolonged lifetime of light emitters in
ambient air conditions. More importantly, NCs-MS nanocomposite
also exhibited much better thermal stability and photostability.
Benefiting from the remarkable optical performance, NCs-MS nano-
composite is a potential candidate with high desirable characteristic
for both lamp and display technology. Therefore, WLED were con-
structed by combining blue InGaN chipwith the green-emitting NCs-
MS nanocomposite and the red SSN:Eu2þ phosphors, which
demonstrated an outstanding LE of 47.6 lm/W, CRI of 72.3, CCT of
5318 K, as well as excellent-quality white light with CIE color co-
ordinates of (0.3365, 0.3390) under an operating current of 20 mA. It
isworthpointingout that theWLEDhas good color stabilitywhen the
operational current increases to 120mA. The abovementioned results
indicate that the CsPbBr3 NCs-MS nanocomposite can be a new
luminescent materials in optoelectronic devices.
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