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Lead-free Cs4SnBr6 nanostructures were synthesized using the high-temperature wet chemical method
with as prepared cesium oleate and oleylammonium bromide. A new type of the SiO2 layer formation
method was followed using TEOS and m-cresol. Phase stability of the Cs4SnBr6 and Cs4SnBr6/SiO2 aged
samples was analyzed by the X-ray diffraction method. Transmission electron microscopy micrographs
show that the hexagonally shaped particles covered with a thin SiO2 layer for Cs4SnBr6/SiO2 and were
verified with TEM-EDS spectra. Synthesized particles showed a bright orange colour fluorescence emis-
sion under UV light and were confirmed with fluorescence emission spectroscopy.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Organic and all-inorganic halide perovskites have fascinated the
devotion of scientist due to their rich optical and electrical proper-
ties such as high carrier mobility, tunable direct bandgap, high
absorption, and low existing banding energy [1–4]. CsnXY2+n

(X = Pb, and Sn; Y = Cl, Br, and I) are the possible combinations
of lead-free halide perovskites CsXY3, Cs2XY4 and Cs4XY6. CsXY3

and Cs2XY4 combinations were widely researched and its emission
was reported. Recently, research results of Cs4XY6 compound is
still a mystery and researchers concentrate on different synthesis
conditions and emission strategy. Green emission of Cs4PbBr6 is
upon the synthetic conditions due to energy transfer between
Pb2+ ions and green emission centers, intrinsic defects within its
wide bandgap. Origin of emission from Cs4PbBr6 is still debated,
and still the research is in progress to understand the emission.
Cs4PbBr6 shows narrow excitonic photoluminescence at only low
temperature and wavelengths <400 nm. In the case of Cs4SnBr6
exhibits broad band green yellow PL spectra at room temperature.

The lead-based halide perovskites are capable of many real-
time usages like solar cells, photocatalytic, lasers, LEDs, solar cells,
single photon sources, photodetectors, and sensor applications.
Even though it is a material of high potential, the disadvantages
of toxic lead elements restrict commercialization [5–7]. The Gold-
schmidt’s tolerance factor (t) for structure of perovskites:

t ¼ ðRA þ RBÞ
ffiffiffi

2
p

ðRB þ RXÞ

here RA, RB, and Rx are ionic radii of A, B, and X, and when t is ranged
between 0.75 and 1.0, the structure of perovskite could be pre-
dicted. Lead free elements like Sn, Bi, In, and Sb are the suitable
alternatives for the Pb site. Among them, Sn found to be best
replacement nontoxic material that has the same characteristic
behavior of Pb, according to the t factor of Goldschmidt [8–10].
The transition metal cations and Sn2+, are the effective replace-
ments for Pb2+,which was advantageous for direct bandgap semi-
conductors [11]. The Sn-based compounds have higher
luminescence efficiency and carrier mobility than Pb based halide
perovskite. Perovskites based on Sn(II) are vulnerable to oxidation,
which can generate defects with high density in lattices, generally
consequential in their low PLQYs.

Phase stability of all-inorganic lead-free halide perovskite can
be achieved with suitable surface modification such as with a
non-halide ceramic material or biocompatible layer coating. SiO2,
TiO2, and CdS layer capped halide perovskites gave rise to the
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production of a layer to control degradation of these materials due
to normal ambient conditions. New external layer growth on
unstable lead-free halide perovskite is still a challenging process
Fig. 1. Schematic diagram of s

Fig. 2. Comparative XRD patterns of Cs4Sn
due to inconsistent temperature and growth conditions. Available
methods of composite halide perovskite are suitable only for a par-
ticular type of halide perovskite, not for all kinds.
ynthesis of Cs4SnBr6/SiO2.

Br6 and Cs4SnBr6/SiO2 nanostructures.
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In this work, lead-free Cs4SnBr6 with a mild layer of SiO2 com-
posite was constructed using a two-step hot injection synthesis
method. Phase stability, morphology, and luminescence measure-
ments of synthesized composite Cs4SnBr6/SiO2 were analyzed.

2. Experimental methods

The two-step hot injection method was used to prepare Cs4-
SnBr6 nanocubes using pre-synthesized cesium oleate (Cs-OA)
and oleyl-ammonium bromide (OLA-Br). For the synthesis of Cs-
OA synthesis, cesium carbonate (1.62 g, Cs2CO3) along with oleic
acid, and 1-Octadecene (1:4) were loaded into 100 ml three-neck
flask. The temperature of the mixture was degassed at 110 �C
and was further kept at 150 �C under N2 atmosphere for 1 h. In a
separate flask, the desired volume of hydrogen bromide (HBr)
was loaded with oleylamine into a three-neck flask for the prepa-
ration of the OLA-Br stock solution. The above solution was
degassed at 110 �C and was further heated at 150 �C under N2

atmosphere. The solution was collected and stored at the N2 filled
screw-type septa. In a typical combination, tin (II) bromide (SnBr)
was added with 2 ml of tri n-octylphosphine (TOP) in 100 ml three-
neck flask, and the solution was degassed for 20 min at 120 �C. The
preheated OLA-Br was injected to above degassed solution under
N2 atmosphere. Then the solution temperature was raised to
160 �C, and 2 ml of Cs-OA was then injected into the three-neck
flask. The final solution was stirred for 5 min and quenched to
room temperature. The cooled solution was washed with hexane
for further use. In a typical synthesis of Cs4SnBr6/SiO2 capping,
Fig. 3. TEM (a, b, and c), HRTEM (d) and EDX (e) images of (I)
the same procedure was followed as the Cs4SnBr6 preparation until
the cesium oleate injection. After injection of cesium oleate, the
solution was allowed to cool down to 80 �C; 2 ml TEOS and
250 ml of m-cresol were injected for the formation of SiO2 layer.
The centrifuging of crude solution at 4500 rpm for 5 min was done
and dispersed in hexane. Schematic diagram of synthesis of
Cs4SnBr6/SiO2 was presented in Fig. 1.
3. Results and discussion

The XRD profiles were logged for Cs4SnBr6 and Cs4SnBr6/SiO2

with a scan rate of 3�/min angle range between 10 and 50� using
Empyrean, Malvern Panalytical instrument equipped with CuKa
(k = 1.54 Å). Acquired XRD patterns of Cs4SnBr6 and Cs4SnBr6/
SiO2 were analyzed after 24 h of synthesis to check its stability.
The results are shown in Fig. 2. The pattern for Cs4SnBr6 revealed
that there are two types of particles present in the sample. Low
intensity peaks were matched with Cs4SnBr6 (Cs4PbBr6, JCPDS #
01-073-2478) along with CsBr (JCPDS # 01-073-0391). The
observed XRD pattern for Cs4SnBr6/SiO2, having a rhombohedral
structure, matched well with the similar structure for Cs4PbBr6
(JCPDS # 01-073-2478). XRD of previously reported results for
Cs4SnBr6, also matched well with the present results [12,13]. From
the XRD analysis, it was observed that SiO2 capping of Cs4SnBr6,
having higher stability than as-synthesized Cs4SnBr6, was present
under ambient conditions. The XRD data derived for Cs4SnBr6
and Cs4SnBr6/SiO2 samples after 2 days indicates that complete
Cs4SnBr6 and(II) Cs4SnBr6/SiO2 composite nanostructures.



Fig. 4. Fluorescence spectra of Cs4SnBr6, Cs4SnBr6/SiO2 and real time emission
(inset).
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decomposition was occurred for both samples (Fig. S1) (see
supplementary data file).

The particle morphology of as-synthesized Cs4SnBr6 and
Cs4SnBr6/SiO2 were analyzed using a JEOL TEM 2100F and captured
TEM/HRTEM images are shown in Fig. 3(I) and (II). The observed
morphology for Cs4SnBr6 is a monodispersed honeycomb with
~25 nm size (Fig. 3(I)). HRTEM images show that an inter-
planner distance of 4.125 Å belongs to the (110) plane of CsBr,
which is evidence that the particles were degraded under ambient
conditions. Tin presence in EDX spectra revealed that the Cs4SnBr6
material is not fully degraded. In Fig. 3(II), TEM images confirmed
that the particles of Cs4SnBr6 were covered with a thin layer of
amorphous SiO2. Lattice images show an inter-planner distance
of 4.347 Å, which is the (113) plane of Cs4PbBr6, which has a sim-
ilar structure to that of Cs4SnBr6. The EDX of the respective parti-
cles revealed the presence of Si in the system, which covers as a
thin layer of SiO2 over the Cs4SnBr6 particles.

Luminescence spectroscopy of Cs4SnBr6 and Cs4SnBr6/SiO2 par-
ticles were analyzed using an Agilent Fluorescence Spectrometer,
with ranges between 300 and 700 nm under 340 nm excitation
(Fig. 4). The samples were analyzed after 24 h of synthesis, in
which Cs4SnBr6 shows three less intense peaks at 392, 530, and
625 nm. High intensity 392, 530, and 625 nm emissions were
observed for the Cs4SnBr6/SiO2 composite, which revealed the
greater emission stability of the SiO2 capped Cs4SnBr6 than that
of bare Cs4SnBr6 samples. Previous reports on Cs4SnBr6 showed
green (530 nm) as well as bright orange (625 nm) emissions. Just
as for Cs4PbBr6, the Cs4SnBr6 structure is also composed of
[SnBr6]4- octahedra separated by Cs+ ions [14,15]. Defects which
originated from the vacancy of Br, or the inclusion of –OH, can
be the reason for the orange emission (625 nm) from Cs4SnBr6,
which exhibits the similar emission property of Cs4PbBr6 and at
the same time 530 nm emission raised from self-trapped exciton
(STE) of Cs4SnBr6. Normalized emission spectrum comparison of
Cs4SnBr6 and Cs4SnBr6/SiO2 was given in supplementary data
Fig. S2(see supplementary data file). Emission arrived at 392 nm
is originated from CsBr presents in both samples. The blue emis-
sion was STE luminescence of CsBr, which is well established from
previous results [16].

4. Conclusion

Lead-free facile Cs4SnBr6 and Cs4SnBr6/SiO2 were successfully
synthesized by the two-step hot injection method using high boil-
ing point solvent. The SiO2 capping for the Cs4SnBr6/SiO2 compos-
ite was also a success that arrived at by using TEOS and m-cresol at
80 �C. The XRD peaks were evidence that the synthesized particles
were of highly crystalline nature, which was confirmed using TEM/
HRTEM. EDX revealed that a SiO2 layer covered the Cs4SnBr6. Lumi-
nescence spectroscopy showed that the synthesized Cs4SnBr6 and
Cs4SnBr6/SiO2 particles emit a fluorescence of bright orange colour.
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