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ABSTRACT

All-inorganic halide perovskites have attracted great attention by virtue of the

merits of bright emission, tunable wavelength and narrow-band emission.

Despite the excellent optical features, all-inorganic halide perovskite materials

have suffered from intrinsic instability, which has limited their applications in

various optoelectronic devices. To mitigate the intractable issue, we demon-

strated the CsPbBr3 nanoparticles decorated with smaller SiO2 nanocrystals to

passivate the surface defects; SiO2 nanoparticles were applied as a barrier layer

to maintain the optical property and enhance environmental stability. A facile

in situ method was proposed to prepare CsPbBr3/SiO2 nanocomposites, in

which an environmental ethanol/water solvent system was needed with the

addition of tetraethyl orthosilicate (TEOS) as a silicon precursor. The obtained

CsPbBr3/SiO2 nanocomposites have better optical characteristic and stability

than bare CsPbBr3 nanoparticles. Even 70% photoluminescence intensity of as-

prepared CsPbBr3/SiO2 nanocomposites can be maintained after 168 h storage

in ethanol. This newly developed synthesis will open up a new route for the

fabrication of optoelectronic devices in an environmentally friendly way, and

the as-obtained perovskite materials with improved stability will make them

great potential for multifunctional optoelectronic devices.

Introduction

Among the various semiconductor nanocrystals,

CsPbX3 (X = I, Br, Cl), all-inorganic perovskite mate-

rials are particularly attractive owing to their superior

optical and electronic properties, such as high photo-

luminescence quantum yield (PLQY), high color tun-

ability, narrow emission line width and low trap state

density [1–3]. In the past few years, researchers have

witnessed the impressive advances of all-inorganic
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perovskite, which render them highly appealing in

solar cells [4, 5], light emitting diodes (LED) [6, 7],

photodetectors [8, 9] and lasers [10, 11]. However, due

to their predominantly soft ionic crystal structure,

intrinsic chemical instability remains the major issue,

especially triggered by polar solvents, oxygen, thermal

treatment and continuous light illumination [12–14].

Therefore, it is necessary to seek for a simple and

convenient means to alleviate the instability issue.

In order to achieve relatively high stability of per-

ovskite, many researchers have developed new

strategies to address this critical issue and maintain the

excellent luminescence characteristics, such as surface

capping and embedding perovskite into organic or

inorganic matrix. Recently, Liu et al. [15] demonstrated

that cubic-stable CsPbI3 quantum dots were achieved

by introducing an organolead precursor (tri-

octylphosphine–PbI2) with quantum efficiency up to

100%, negligible electron or hole-trapping pathways of

the prepared CsPbI3 quantum dots were detected. To

avoid neutralization of conventional carboxylate and

ammonium capping ligands, Krieg et al. and Pan et al.

[16, 17] utilized the zwitterionic and bidentate capping

ligands to improve the chemical durability of colloidal

CsPbX3 nanocrystals, respectively. However, the sur-

face ligands are liable to desorb when the nanocrystals

undergo the purification procedure, resulting in loss of

colloidal chemical durability. Other works suggested

that barrier materials are effective to protect perovskite

nanocrystals from moisture, oxidation and other

chemical attacks. Xin et al. [18] reported a green growth

of CsPbBr3/polymer composites without organic sol-

vent; diverse perovskite–polymer composites were

prepared and showed highly excellent resistance

against water. Hou et al. [19] developed core–shell

colloidal nanocrystals with a nanosized copolymer

shell, polystyrene-block-poly-2-vinylpyridine (PS-b-

P2VP), which passivated surfaces of CsPbBr3

nanocrystals effectively. But the organic matrix mate-

rials always have lower photooxidation and thermal

stability, which is a limiting factor for broad applica-

tions. Conversely, most inorganic matrix materials

have better mechanical strength and thermal stability,

such as silica oxide (SiO2), titanium oxide (TiO2) and

alumina (Al2O3) [20–22]. In particular, SiO2 has a high

level of barrier property against moisture and tem-

perature. The embedding of perovskite nanocrystals in

mesoporous silica matrices has been reported by many

research groups, and Wang et al. also proved that

mesoporous silica can address the anion exchange

effect and increase stability of perovskite materials

[23–27]. However, mesoporous silica with intrinsic

hydrophilicity and high specific surface area cannot

completely block the hazard of moisture and oxygen,

and the preparation of mesoporous silica is a complex

and high cost process. The above situations prompt us

to focus on solid SiO2. Sun et al. [28] selected (3-

aminopropyl)triethoxysilane (APTES) as the precur-

sor for a silica matrix, and APTES was hydrolyzed to

SiO2 by capturing trace water vapor; then, quantum

dot/silica composites were formed by a water-free

synthesis system to increase the chemical stability. Li

et al. [29] reported an amination-mediated nucleation

and growth process to synthesize highly stable per-

ovskite quantum dot anchored on SiO2 surface, in

which SiO2 spheres were prepared separately. Hu et al.

[30] combined a water-triggered transformation pro-

cess and a solgel method to prepare monodisperse

CsPbX3/SiO2 and CsPbBr3/Ta2O5 Janus nanoparticles

with improved stability; trace water was not only

contributed to the stripping of CsBr from Cs4PbBr6 but

also the formation of SiO2. Due to their strong ionic

nature, CsPbX3 nanocrystals are extremely sensitive to

water and ethanol; a small amount of water was added

in most reported works. But conventional Stöber and

reverse microemulsion methods always need water

and ethanol as the media, and this limitation brings

obstacles to modify the stability of perovskites with

SiO2.

In this paper, we developed an ethanol–water-as-

sisted room temperature synthesis, in which high-

quality CsPbBr3/SiO2 nanocomposites can be

obtained. The as-prepared CsPbBr3/SiO2 nanocom-

posites showed improved chemical stability against

polar solvent (ethanol). More importantly, the for-

mation of CsPbBr3/SiO2 nanocomposites was

achieved in the environmental solvent of mixed

ethanol and water system, which may be reported for

the first time and offer a green technique for per-

ovskite composited with other barrier materials.

Materials and methods

Materials

Cesium bromide (CsBr, 99.5%), lead bromide (PbBr2,

99.0%), oleylamine (OAm, 80–90%) and oleic acid

(OA, 90%) were purchased from Aladdin. N,N-

dimethylformamide (DMF, 99.9%), tetraethyl
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orthosilicate (TEOS, 99%) and ethanol were pur-

chased from Kelong. Ultrapure water was made in

our laboratory by Smart-S15. All the chemicals in this

work were used without further purification.

Synthesis of CsPbBr3 nanoparticles

To synthesize green emissive CsPbBr3 nanoparticles,

CsBr (1.2 mmol) and PbBr2 (0.4 mmol) were dis-

solved in DMF (10 mL) at room temperature. OAm

(0.5 mL) and OA (1.0 mL) were added to the former

solution. The precursor solution was stirred for a few

hours until a feeble green emission was observed; the

products were pasted on the inwall of the container.

Then, residual transparent solution of precursor was

discarded and the green luminescent products were

retained. Subsequently, ethanol (14.8 mL) and ultra-

pure water (2 mL) were added in sequence, and a

strong green emission was observed immediately.

The solution was centrifuged at 8000 rpm, and the

precipitate was collected for further characterization.

Synthesis of CsPbBr3/SiO2 composites

Similar to the synthesis of CsPbBr3 nanoparticles,

except for ethanol and ultrapure water, we also

added TEOS (0 mL, 0.06 mL, 0.6 mL, 1.2 mL, 2.4 mL)

as the precursor for silica. After vigorous stirring at

room temperature for a few hours, a yellowish solu-

tion was formed and CsPbBr3/SiO2 composites were

prepared in situ successfully.

Characterization

The scanning electron microscope (SEM) images

were taken using FEI QUANTA FEG 250. X-ray

diffraction (XRD) patterns of CsPbBr3 and CsPbBr3/

SiO2 composites were acquired using a Bruker D8

Advance X diffractometer (Cu Ka: k = 1.5406 Å).

Fluorescence emission spectra of the samples were

measured using Edinburgh FLS980. Steady-state

absorption spectra were recorded on a Shimadzu UV-

2600 spectrophotometer.

Results and discussion

Typically, perovskite nanoparticles were synthesized

by a traditional ligand-assisted reprecipitation

method; the precursors of perovskites are usually

dissolved in DMF and a supersaturated crystalliza-

tion process will be completed in toluene sequentially

[31, 32]. As suitable capping ligands, OA and OAm

assist to control the phase structure and particle size

collectively. Considering the instability of perovskite

and toxicity stemmed from toluene solvent, we

designed a reasonable experiment to shy away this

weakness.

In our work, SiO2 barrier material is exerted to

improve chemical stability. Figure 1 shows the for-

mation process of CsPbBr3/SiO2 composite particles.

First, precursor solutions were prepared in DMF with

different molar ratios of CsBr to PbBr2 (5:1, 3:1, 1:1,

1:3 and 1:5). After CsBr and PbBr2 were stirred in

DMF for a few hours, it can be clearly seen that when

the precursor ratios of the system were 5:1 and 3:1,

the solutions were suspension liquid, and the others

with decreased ratios were transparent. When CsBr

was excessive, the low solubility of the coordination

compound in DMF contributed to the suspension

solution. Then, OA and OAm as ligands were added

to the precursor solution and further promoted the

formation of products on the inwall. An interesting

phenomenon is observed that two samples displayed

distinct green emission under 365 nm UV lamp

irradiation and the corresponding photographs of

these samples are shown in the inset of Fig. 2b. When

the ratios of CsBr to PbBr2 are 5:1 and 3:1, a light

green emission can be observed, other three samples

do not have the same characteristic. Due to the

presence of OA and OAm, the fluorescent products

adhere to the inner wall of the container and the

remaining solution is transparent. When the trans-

parent solution in DMF was substituted by ethanol,

no quenching occurred on the light green emission

product. X-ray diffraction (XRD) patterns and the

photoluminescence (PL) spectrum were used to

identify the emission product in Fig. 2. The PL

spectrum of the typical sample with 3:1 ratio is

shown in Fig. 2b, and the emission peak was located

at 510 nm. Figure 2a shows the XRD patterns of the

final product prepared with different ratios of CsBr to

PbBr2, which can determine the phase component of

the products on the inwall of the container. When the

molar ratios of CsBr to PbBr2 ratio were 5:1 and 3:1,

the XRD patterns demonstrated that Cs4PbBr6 parti-

cles were obtained with decreased amount of CsBr

and excessive CsBr content maybe accelerates the

formation of Cs4PbBr6. Since the luminescence

property of Cs4PbBr6 is controversial, it is impossible
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to determine whether a little amount of CsPbBr3

exists in the product according to XRD patterns. After

decreasing the ratio to 1:3 and 1:5, CsPbBr3

nanoparticles were the final product, but excessive

PbBr2 maybe causes fluorescence quenching of

CsPbBr3. Based on this outstanding peculiarity, the

luminescent products on the inwall and an ethanol–

water system were designed to prepare CsPbBr3/

SiO2 composite to improve the stability of CsPbBr3

nanoparticles. In this method, OAm as a Lewis base

is used as both coating agent for CsPbBr3 and one

precursor for the formation of SiO2, and in this way

small SiO2 particles were obtained by traditional

Stöber method. After TEOS was added to the etha-

nol–water system, small SiO2 nanoparticles attached

to the surface of CsPbBr3 nanoparticles and bright

green emissive CsPbBr3/SiO2 nanocomposites were

obtained.

When the ratio of CsBr to PbBr2 was fixed at 3:1

and the amount of TEOS was 0.6 mL, the typical

CsPbBr3/SiO2 nanocomposites were obtained. In this

section, the morphology, structure and optical prop-

erties of the typical composites are investigated in

detail and are shown in Fig. 3. To verify the forma-

tion mechanism, we carried out the experiments with

and without TEOS and the products were character-

ized by SEM. As shown in Fig. 3a, monoclinic

CsPbBr3 nanoparticles were obtained, the size of

small particles is around 200 nm, and a few big ones

are around 1 um. After the addition of TEOS, SEM

image shows two different morphologies of

CsPbBr3/SiO2 nanocomposites in Fig. 3b. The small

spherical particles of SiO2 are around 20 nm, and the

bigger monoclinic CsPbBr3 nanoparticles are attached

or encapsulated by SiO2 matrix. The XRD spectrum

without SiO2 exhibits diffraction peaks at 15.1�, 21.5�,
30.6�, 37.5� and 43.7�, corresponding to (001), (110),

(200), (121) and (202) planes, which indicates the

monoclinic crystalline phase (Fig. 3c). Unlike bare

CsPbBr3 nanoparticles, a broad peak around 20o can

be indexed to amorphous SiO2 (JCPDS Card No:

01-082-1554), which is similar to other silica-coated

CsPbBr3 SiO2 CsPbBr3/SiO2BrPbCs

DMF+OA+OAm Ethanol/H2O TEOSDMFFigure 1 Schematic

illustration of the formation

process of CsPbBr3/SiO2

composite particles.

Figure 2 a XRD patterns of the products synthesized with

different ratios of CsBr to PbBr2 (5:1, 3:1, 1:1, 1:3 and 1:5).

b PL spectrum of the sample synthesized with 3:1 ratio of CsBr to

PbBr2. The inset is photographs of perovskites precursors prepared

with different ratios of CsBr to PbBr2 under ambient light and

365 nm UV lamp irradiation.
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nanomaterials [28, 33]. The inserts in Fig. 3d show the

photographs of green CsPbBr3/SiO2 powders under

ambient light and 365 nm UV lamp irradiation, and

the CsPbBr3/SiO2 powders reveal a bright green

emission. The optical properties of the CsPbBr3

nanoparticles with and without SiO2 were studied by

monitoring the PL of the nanocomposites in ethanol.

The PL of CsPbBr3 nanoparticles peaked at around

533 nm and CsPbBr3/SiO2 nanocomposites at around

529 nm, and the emission spectra all showed nar-

rowed full-width half-maximum (18 nm). The suc-

cessful synthesis of CsPbBr3/SiO2 nanocomposites in

ethanol–water system makes a new door for

improving the stability of perovskites in an environ-

ment method.

In addition, the amount of TEOS was investigated

which was highly effected on the optical property of

CsPbBr3/SiO2 nanocomposites. Due to strong scatter-

ing effects of SiO2 materials, the distance between

perovskite nanoparticles will be separated by abun-

dant SiO2 nanoparticles, which can inhibit the

deterioration from polar solvent effectively. Figure 4a

shows the photographs of CsPbBr3/SiO2 solutions

prepared with different amount of TEOS (0 mL,

0.06 mL, 0.6 mL, 1.2 mL, 2.4 mL) under ambient light

and 365 nm UV lamp irradiation. With the increase in

TEOS amount, the yields in the container elevated.

When the amount of TEOS is more than 0.6 mL, the

increase in nanocomposites output is nonnegligible.

As shown in Fig. 4b, CsPbBr3/SiO2 nanocomposites

have higher PL intensity than bare CsPbBr3 nanopar-

ticles. Even a little content of TEOS (0.06 mL) can

provide enough SiO2 nanoparticles and the separation

effect is also enough, owing to the small size of SiO2 to

separate perovskite nanoparticles forcefully. Com-

pared to perovskite nanoparticles without the separa-

tion of SiO2, there is remarkably an enhancement of

larger than fivefold PL intensity with more TEOS

(2.4 mL), evidently implying the great merit of SiO2

spheres. The addition of SiO2 nanoparticles barely

influences the emission wavelength, the more SiO2

nanoparticles, the perovskite nanoparticles more

Figure 3 SEM images of a CsPbBr3 nanoparticles and

b CsPbBr3/SiO2 composite. c XRD patterns and d PL spectra of

CsPbBr3 and CsPbBr3/SiO2 nanoparticles. Insert shows the

photographs of green CsPbBr3/SiO2 powders under ambient light

and 365 nm UV lamp irradiation.
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dispersed and not easy to agglomerate, resulting in the

blue shift of the peaks from 533 nm to 529 nm. There-

fore, CsPbBr3/SiO2 nanocomposites with elevated

photoluminescence have been synthesized using this

simple and environmental method.

The stability of perovskites is highly relevant for its

application in optoelectronic field, and here the

variation of optical property in polar solvent was

further studied. To evaluate the stability of CsPbBr3/

SiO2 nanocomposites in ethanol, CsPbBr3 nanoparti-

cles without SiO2 were also tested for comparison.

The remnant PL intensities of the CsPbBr3 nanopar-

ticles without and with SiO2 are displayed in Fig. 5c.

As shown in Fig. 5a, the PL spectra of CsPbBr3

nanoparticles have the highest intensity when the

nanoparticles were dispersed in ethanol first time. It

is well known that the CsPbBr3 quantum dots pre-

pared by hot injection method quickly quenched

within several minutes after adding ethanol. But the

CsPbBr3 nanoparticles prepared by ethanol–water-

assisted room temperature method experienced a PL

quenching to 65% of initial PL intensity after

immersing 24 h in ethanol. It is encouraging that

CsPbBr3/SiO2 nanocomposites exhibit a PL

enhancement when nanocomposites were immersed

in ethanol for 96 h, which indicated that CsPbBr3

without SiO2 decomposed faster in polar solvent.

Until to 168 h, the emission intensities of CsPbBr3

nanoparticles and CsPbBr3/SiO2 nanocomposites

were maintained at approximately 52% and 71% of

the initial intensity, respectively. This result also can

be confirmed from the insets of Fig. 5c; CsPbBr3

nanoparticles dispersed in ethanol with SiO2 showed

brighter fluorescence than the unprotected ones. In

brief, CsPbBr3 nanoparticles decorated with small

SiO2 have enhanced stability against ethanol reliably.

XRD patterns and absorption spectra were used to

investigate the evolution process of the samples under

different experimental conditions. In Fig. 6a, the Cs4-

PbBr6 particles were converted into CsPbBr3 after

adding water and TEOS, mainly due to the deprivation

of CsBr component out from the Cs4PbBr6 crystal

triggered by H2O molecules. After time degradation

test, owing to the stripping of more CsBr in polar sol-

vent, the intensities of the diffraction peaks of CsPbBr3

gradually decreased, the less CsPb2Br5 and more PbBr2

diffraction peaks emerged, and the CsPbBr3 was

degraded to PbBr2 finally. The absorption spectra of

these three samples are shown in Fig. 6b. The absorp-

tion spectra of the pristine material synthesized with

OA and OAm and CsPbBr3/SiO2 composite are dom-

inated by exciton peaks, which are approximately

528 nm belonged to CsPbBr3. Maybe the Cs4PbBr6

products were formed with a few CsPbBr3 particles.

The corresponding degraded products also do not

have this characteristic absorption peak. The absorp-

tion peak located at 305 nm can be assigned to CsPb2-

Br5 [34]. The above results further proved that the polar

solvent can transform the perovskite phase structure

by extracting CsBr from crystal lattice and lead to

complete decomposition.

Figure 4 a Photographs of CsPbBr3/SiO2 samples prepared with different amount of TEOS (0 mL, 0.06 mL, 0.6 mL, 1.2 mL, 2.4 mL)

under ambient light and 365 nm UV lamp irradiation. b PL spectra of the corresponding CsPbBr3/SiO2 samples.
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Conclusion

In conclusion, CsPbBr3/SiO2 nanocomposites were

synthesized using a one-pot and facile ethanol–

water-assisted room temperature synthesis. The

ethanol–water system is not only green and envi-

ronmental but also conducive to the phase transfor-

mation and the formation of SiO2 nanoparticles. The

obtained CsPbBr3/SiO2 nanocomposites with high

luminesce and narrow line width will be applied in

high-quality lighting and display. CsPbBr3/SiO2

nanocomposites exhibit significantly improved envi-

ronmental stability compared to the naked CsPbBr3

nanoparticles dispersed in polar solvent. Our work

provides a simple and environmentally synthetic

strategy for highly luminescent nanocrystals; this

Figure 5 PL spectra of a CsPbBr3 nanoparticles and b CsPbBr3/

SiO2 nanocomposites dispersed in ethanol at different times

(0–168 h). c Stability of CsPbBr3 nanoparticles and CsPbBr3/SiO2

composite particles after dispersed in ethanol. Insets show the

photographs of two samples before and after degradation in

ethanol.

Figure 6 a XRD patterns and b absorption spectra of the pristine material synthesized with OA and OAm, CsPbBr3/SiO2 composite and

the composite after the time degradation test.
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work will also open the window for new barrier

materials synthesized in ethanol and water system to

keep perovskite stable for longer time.
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