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enabled by an aqueous synthesis on a microfluidic platform
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Abstract
Blue emitting Sn-based lead-free halide perovskite nanocrystals (NCs) are considered to be a promising 

material in lighting and display. However, industrialised fabrication of blue-emitting NCs still remains a 

significant challenge due to the use of toxic solvent and optical instability, not mentioning in large-scale 

synthesis. In this work, a green-route synthesis of blue-emitting lead-free halide perovskite Cs2SnCl6 

powders is developed, in which deionized water with small amount of inorganic acid is used as solvent and 

the synthesis of the Cs2SnCl6 powders is achieved by a microfluidic platform. Using the Cs2SnCl6 powders, 

we prepare Cs2SnCl6 NCs via an ultrasonication process. Changing the volume ratio of ligands (oleic acid 

to oleylamine) can alter the photoluminescence (PL) characteristics of the prepared NCs, including the PL-

peak wavelength, PL-peak intensity and quantum yield. The highest photoluminescence quantum yield 

(PLQY) of 13.4% is achieved from the Cs2SnCl6 NCs made with 40 L to 10 L of the volume ratio of 

oleic acid to oleylamine. A long-term PL stability test demonstrates that the as-synthesized Cs2SnCl6 NCs 

can retain a stable PLQY over a period of 60 days. This work opens up a new path for large-scale green-

route synthesis of blue-emitting Sn-based lead-free NCs, such as Cs2SnX6 (Cl, Br and I), towards the 

applications in optoelectronics. 
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1. Introduction

Blue light, as an indispensable part of full-colour display, is of crucial importance in the area of lighting 

and display. Blue-emitting quantum dots (semiconductor nanocrystals (NCs)) have potential applications 

in optoelectronics, bioimaging and so forth, because they have a wide range of merits including high 

brightness, narrow full-width at half-maximum (FWHM) of photoluminescence (PL) spectrum, high colour 

purity, facile synthesis, etc. For the past few years, many efforts were focused on the synthesis of lead 

halide perovskite (LHP) NCs due to their high light absorption coefficient and high defect tolerance.1-3 

However, the reported blue LHP NCs exhibited severe agglomeration and caused a red shift of light 

emission in a short time, resulting in significant optical instability. For example, Bi et al.4 demonstrated 

that the PL-peak wavelength of blue-emitting CsPbBr3 NCs changed from 470 nm to 500 nm in 12 min and 

the PL-peak wavelength of the modified NCs remained at 470 nm with a PL stability of only 1 h. Also, the 

toxic lead (Pb) element in the LHP NCs causes a concern for their large-scale applications and 

commercialization. 

As an alternative, lead-free halide perovskite (LFHP) NCs are considered to be promising materials to 

replace the LHP NCs, among which, tin (Sn) (isovalent congener of lead)-based LFHP NCs have showed 

tremendous potential with decent optical characteristics and performance,5, 6 because compared with Pb-

based perovskites, Sn-based perovskite counterparts have narrower bandgaps and higher charge mobilities.7 

However, Sn-based perovskites have poor environmental stability, resulting from that partial Sn2+ can be 

easily oxidized to Sn4+.7, 8 The more air-stable Sn4+ introduces p-type self-doping effect and further lowers 

photophysical property of perovskites.7-9 Recently, several antioxidants were used to improve the stability 

of Sn-based perovskites and the corresponding devices.10, 11 However, improving the environmental 

stability of Sn-based LFHP NCs still remains challenges.

Several methods have been developed to synthesize blue-emitting Sn-based LFHP NCs. Hot injection 

(HI) is a favorable method for the synthesis of high-quality NCs with relatively uniform sizes. This method 

requires the synthesis under harsh conditions, including high temperature and vacuum for the formation of 

NCs.12 Also, the HI approach uses toxic and volatile solvent, such as 1-octadecene (ODE), which impedes 

the industrialization of blue-emitting Sn-based LFHP NCs from a sustainable view. To address this issue, 

an aqueous-solution-based green synthesis route without the use of toxic solvent is a preferable choice. Tan 

et al.13 reported a solvothermal method for the synthesis of Bi-doped Cs2SnCl6 NCs with light emission at 

455 nm. This method avoids the use of toxic solvent, while it requires the synthesis performed at a high 

temperature near 200 ℃. It is also challenging to control the morphology and size of the prepared NCs due 

to that the formation of NCs was realized in a “random” cooling process from high temperature.13 It should 

be noted that all the methods mentioned above are suitable for small-scale synthesis of blue-emitting LFHP 
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NCs and may not be suitable for large-scale production to fulfill the industrialization and commercialization 

of blue-emitting Sn-based LFHP NCs. 

Microfluidics has been demonstrated to be a reliable and powerful technique for large-scale 

manufacturing of nanoparticles and nanocrystals.14-16 Compared with the small-batch synthesis of materials 

of small volumes for fundamental research, microfluidics can provide continuous fabrication of materials 

and eliminate the samples’ irreproducibility originating from batch-to-batch fabrication.17-19 Currently, 

microfluidics has been used to synthesize Pb-based NCs 20, 21. For example, Lignos et al.20 produced all-

inorganic perovskite CsPbX3 (X = Cl, Br, I) NCs with the PL-peak wavelength ranging from 470 – 690 nm 

via microfluidics. Bao et al.21 incorporated microfluidics with inkjet printing technique to synthesize 

CsPbBr3/Cs4PbBr6 nanocrystals for mini-LEDs. Recently, Xu et al. achieved large-scale synthesis of 

cesium lead halide perovskite NCs.22, 23 However, it still remains challenging to synthesize Sn-based LFHP 

NCs with an aqueous solution via a microfluidic platform.

Realizing the challenges faced in the synthesis of blue-emitting Sn-based LFHP NCs and the practical 

applications of blue-emitting Sn-based LFHP NCs in optoelectronics, we developed a green approach to 

produce blue-emitting Sn-based LFHP (Cs2SnCl6) NCs using a microfluidic platform and ultrasonication 

consecutively. The blue-emitting Cs2SnCl6 NCs exhibited a PL-peak wavelength centred at 435 nm with 

the highest PLQY of 13.4% and good long-term optical stability over a period of 60 days. 

2. Experimental section

2.1 Materials

The chemicals used in this work were CsCl (99.9%, Alfa Aesar), SnCl2 (Sigma Aldrich), oleylamine 

(OAm) (>50%, TCI America), oleic acid (OA) (Ward’s Science), silicone elastomer base/curing agent, 

(Sylgard™ 184, Electron Microscopy Sciences), hexane (Sigma Aldrich), HCl acid (37%), toluene (VWR 

International LLC, 99.5%), isopropanol (IPA) (VWR International LLC, 99%), dichloromethane 

(BeanTown Chemical, 99.5%) and deionized (DI) water. No further purification was performed for all the 

received chemicals. HCl acid was diluted to 18.5% prior to use.

Cs2SnCl6 powder were first prepared. Specifically, 5 mmol CsCl powder and 5 mmol SnCl2 powder 

were dissolved in 5 ml water and 5 ml HCl acid (18.5%), respectively, to produce a CsCl solution and a 

SnCl2 solution. A microfluidics platform was assembled for the synthesis of Cs2SnCl6 powder at room 

temperature (Fig. 1). The CsCl solution and SnCl2 solution were loaded in two syringes, respectively, which 

were placed on a Syringe Pump system (Harvard Apparatus). Both the CsCl solution (flow rate, 0.4 ml/min) 

and SnCl2 solution (flow rate, 0.4 ml/min) were pumped into a microreactor through two capillaries (1.0 

mm in inner diameter and 80 cm in length). These two solutions mixed and reacted in the microreactor to 

immediately form white products (precipitates). Note that all the procedures were carried out under ambient 
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conditions, in which Sn2+ is prone to be oxidized into Sn4+. Equation 1 shows the chemical reaction taking 

place in the microreactor 

2Cs+
(aq) + Sn2+

(aq) + 4H+
(aq)+6Cl−

(aq) +O2(g) Cs2SnCl6 (s)+2H2O(aq) (1)

The as-formed white precipitates flowed into another capillary tube (1.6 mm in inner diameter and 20 cm 

in length), which connected the microreactor to a container, for the collection of the white precipitates at a 

total flow rate of 0.8 ml/min. The collection of white precipitates by the microfluidics system is presented 

in Movie S1 in Supplementary Information, which shows that a white Cs2SnCl6 precipitate solution 

continuously flows through the capillary tube and to a small vial for the collection of the white Cs2SnCl6 

precipitates, and demonstrates the feasibility of large-scale synthesis of the Cs2SnCl6 precipitates (powders). 

Moderate amounts of the white precipitates were put onto a glass plate at 30 ℃ for 1 h to achieve dry white 

powders. Using the microfluidic system, we were able to produce 0.06 g dry Cs2SnCl6 powders within 8 

min (Fig. S1, Supplementary Information) with a production rate of 0.45 g/h. Note that this result reveals 

that the large-scale synthesis of Cs2SnCl6 perovskites by microfluidics is feasible and the production rate 

of 0.45 g/h is only for the microfluidics system used in this work. 

A mixture of 5 mg of the white powders, 5 ml hexane and 50 L ligands (mixture of OA and OAm) was 

placed in a 20 ml vial in a water bath, which was sonicated for 400 min at room temperature (RT). The 

solution with Cs2SnCl6 NCs was obtained by collecting the supernatant of the solution after ultrasonication. 

It should be pointed out that no calculation of the production rate of the Cs2SnCl6 NCs derived from the 

Cs2SnCl6 powders was performed, since it is very difficult, if not impossible, to dry the oily ligands on the 

NCs and to determine the production rate of the Cs2SnCl6 NCs. Different volume ratios (VRs) of OA to 

OAm (40 L to 10 L, 30 L to 20 L, 25 L to 25 L, 20 L to 30 L, and 10 L to 40 L) were used 

in the preparation of the mixtures. All the preparation and synthesis processes were performed under 

ambient conditions. The as-obtained Cs2SnCl6 NCs in the solution emit blue light under ultraviolet (UV) 

light (365 nm) and do not emit light under white light (WL) (Fig. 1). 

Figure 1. Schematic of the synthesis route of Cs2SnCl6 NCs.
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2.2 Characterization

XRD (X-ray diffraction) measurements were carried out on an X-ray diffractometer (Bruker-AXS D8 

Discover) with CuKα radiation of 1.54060 Å in wavelength. PL measurements were performed under a UV 

light of 365 nm in wavelength on a Horiba Scientific Fluoromax Plus-C fluorometer, and PLQY tests were 

performed on a Horiba Scientific Fluoromax Plus-C fluorometer equipped with an integrated sphere. The 

Horiba Scientific FluorEssenceTM software was used in the PLQY calculation. UV stability tests were 

performed in an UV Stratalinker (model 1800) with 254-nm UV light bulbs.

PL lifetime decay measurements were performed using a DeltaHub™ high throughput time correlated 

single photon counting (TCSPC) controller and a NanoLED-350 pulsed excitation source (excitation 

wavelength 350±10 nm). The decay curves were analysed using the Horiba Scientific decay analysis 

software DAS6. High-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) and high-resolution transmission electron microscopy (HRTEM) (Thermo-scientific Talos F200X 

operated at an accelerating voltage of 200 kV) were used to analyze the morphologies and structures of the 

Cs2SnCl6 NCs. The compositional analysis of the Cs2SnCl6 NCs was conducted on an energy dispersive X-

ray (EDX) spectroscope (Thermo-scientific Super-X System with four windowless silicon-drift-detectors 

installed on a Talos F200X TEM). 

3. Results and discussion

The composition and structure of the as-prepared Cs2SnCl6 powder was analysed by XRD. Fig. 2a 

shows XRD patterns (bottom) of the freshly prepared Cs2SnCl6 powder. It is evident that the XRD pattern 

matches well with the standard JCPDS card (PDF#00-007-0197), which indicates that the Cs2SnCl6 powder 

has a cubic structure with a point group of Fm-3m. This result is in good agreement with the report given 

by Zhang et al. 24 The characteristic peaks centred at  24.2°, 29.8°, 34.5° and 42.6° correspond to (220), 

(222), (440) and (422) crystal planes of cubic Cs2SnCl6, respectively. There is a small diffractive peak 

centred at 32.8°, which matches with the standard JCPDS card (PDF# 00-030-0370), revealing the presence 

of small amount of CsSn2Cl5 in the Cs2SnCl6 powder. The CsSn2Cl5 was formed through the chemical 

reaction of Sn2+ with Cs+ and Cl− in the aqueous solution. Compared with the XRD pattern of the freshly 

prepared Cs2SnCl6 powder, the XRD pattern of the Cs2SnCl6 powder exposed in the air under ambient 

conditions for 50 days does not show any shifts of the peaks and any new peaks. The peak intensities for 

both the fresh powder and the one exposed in the air for 50 days remain almost the same. Note that there 

exists peak splitting of the XRD patterns in both the fresh and 50-day specimens. The peak splitting may 

be due to the lattice interpenetration, which may lead to the changes in the symmetry of cubic phase.25 

These results suggest good structural stability of the Cs2SnCl6 powder. It is worth noting that the impurity 
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(CsSn2Cl5) disappears after 50 days, which suggests inferior structural stability of CsSn2Cl5 compared with 

Cs2SnCl6. 
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Figure 2. (a) XRD patterns of the Cs2SnCl6 powder, and (b) crystal structure of cubic Cs2SnCl6 perovskite 
of 3D and 2D views.

The SEM image in Fig. S2 (Supplementary Information) shows the morphology of the as-synthesized 

Cs2SnCl6 powder, which is octahedral in agreement with the report by Zhang et al.26 The EDS results 

(Figure S3 and Table S1 in Supplementary Information) reveal that the atomic ratio of Cs:Sn:Cl is 19.79: 

11.30:68.92, close to the stoichiometric ratio of 2:1:6. This result further confirms that the as-prepared 

powder is Cs2SnCl6. 

The crystal structure of cubic Cs2SnCl6 perovskite is shown in Fig. 2b, in which the top and bottom layers 

illustrate 3D and 2D views, respectively. In the 3D view, the Cs2SnCl6 crystal contains [SnCl6]2− octahedra 

coordinating with alkali metal cation (Cs+). In an octahedral [SnCl6]2−, a Sn4+ is shared with six Cl−. The 

crystal structure of Cs2SnCl6 can be considered as that a B-site cation in a double perovskite (A2B′B″X6) is 

replaced with a vacancy. Therefore, Cs2SnCl6 can be represented as A2BX6 and called vacancy-ordered 

double perovskites.27 It looks like that every other [BX6]2− octahedron is removed in a ABX3 cubic 

perovskite.

The bottom of Fig. 2b represents 2D side (top) view of the crystal structure of cubic Cs2SnCl6 perovskite. 

For a cubic structure, the top- and side-views of the crystal structure are same. The dark and light grey 

squares represent the [SnCl6]2− octahedra, which are not in the same plane.

The Cs2SnCl6 NCs were fabricated by a subsequent ultrasonication of the Cs2SnCl6 powder in a hexane 

solution consisting of OA and OAm. Fig. 3a schematically illustrates the process, in which Cs2SnCl6 

powders of large sizes (microcrystals) are fragmented into NCs under ultrasonication. During 
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ultrasonication, Cs2SnCl6 powders of large sizes experience dynamic deformation and absorb acoustic 

energy. Increasing the absorbed energy causes the cracking of the powders and the crack growth through 

the powders, eventually leading to the breakage of the powders.28 Such processes occur over and over again; 

consequently, small NCs are formed. Note that the ultrasonic wave-derived force on a particle is 

proportional to the volume of the particle.29 

Figure 3. (a) Schematic of ultrasonication for the preparation of Cs2SnCl6 NCs; (b) PL spectra and (d) 

PLQY of the Cs2SnCl6 NC solution derived from the Cs2SnCl6 powder in a hexane solution consisting of 

OA and OAm (VR is 40:10) under ultrasonication for 100-600min, and (c) FWHM of (b).

Ligands (mixture of OA and OAm) play an inevitable role in the formation of NCs. The ligands wrap 

the formed NCs during ultrasonication to produce more and more NCs in the solution and limit the 

agglomeration of the NCs. OA as a capping agent on the surfaces of NCs helps to stabilize the morphology 

(or shape) of NCs, 30 and OAm is beneficial for the formation of smaller crystals.31 It was reported that bulk 
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crystals were usually formed without the use of amines when synthesizing perovskite NCs.32 Note that 

OAm can increase the binding between  OA and NCs, which contributes to the PLQY increase of NCs, as 

reported by Roo et al.33 These results suggest a synergistic effect between OA and OAm, which not only 

helps the formation of NCs but also enhances the optoelectronic characteristics of the NCs. 

Fig. 3b shows the PL spectra (under an excitation wavelength of 365 nm (Fig. S4, Supplementary 

Information)) of the Cs2SnCl6 NC solutions derived from the Cs2SnCl6 powder with a VR of 40:10 for 

different ultrasonication times of 100, 200, 300, 400, 500 and 600 min, respectively. It is evident that the 

PL intensity centred at 435 nm increases with increasing the ultrasonication time. The FWHM of the PL 

spectra in Fig. 3b is shown in Fig. 3c. For the ultrasonication time in a range of 100-600 min, the FWHM 

of the PL spectra of the Cs2SnCl6 NC solutions decreases from ~73.7 to ~68.7 nm with increasing the 

ultrasonication time from 100 to 400 min and then increases to ~75.5 and ~75.6 nm for the ultrasonication 

times of 500 and 600 min, respectively. The PL results are qualitatively in good accord with the PLQY 

trend shown in Fig. 3d. The PLQYs of the Cs2SnCl6 NCs solutions are 3.6, 5.2, 6.3, and 8.7% after the 

solutions with Cs2SnCl6 powders were ultrasonicated for 100, 200, 300, and 400 min, respectively. It should 

be noted that no blue shift or red shift was observed for the Cs2SnCl6 NCs in the solution after a series of 

ultrasonication in a period of 100-400 min, indicating comparable sizes of NCs in the solution. The increase 

of the PL-peak intensity and PLQY can be attributed to the increase of the concentration of Cs2SnCl6 NCs 

in the solution. If strong photon scattering due to a high concentration of NCs is negligible, more photons 

are emitted from the same excitation volume in the solution, leading to the increase of PL-peak intensity. 

The PLQY, η, can be calculated as13

 with                                           (1)sample black

ex

I I

N



  

, ,ex ex black ex sampleN I I  

where  is the number of photons emitted from the excitation light source,  and  are the exN sampleI blackI

emission (PL) intensity of the specimen and black sample, respectively, and and  are the ,ex blackI ,ex sampleI

emission intensity of the excitation light from specimen and black sample, respectively. For a measurement 

system,  and  are constant. Equation (1) indicates the increase of PLQY (η) with the increase of blackI exN

the PL intensity of specimen ( ). Therefore, a higher concentration of NCs leads to a higher PLQY. sampleI

Comparing the PL spectra of the NC solution ultrasonicated for 500 and 600 min with the PL spectrum 

for the same NC solution ultrasonicated for 400 min, we note slight decreases in the PL intensity and a 

small red shift of 3 nm of the PL peak. Correspondingly, the PLQY of the NC solution decreases to 8.5% 

(500 min) and 8.53% (600 min). Such results suggests that the photon scattering in the NC solution 
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ultrasonicated for 500 and 600 min is likely not negligible. The red shift might be caused by the size effect 

(size increase) of the NCs due to agglomeration. 

The absorbance spectra of the Cs2SnCl6 NC solutions prepared from the Cs2SnCl6 powder (VR is 40:10) 

under ultrasonication for 100-400 min are presented in Fig. S5 (Supplementary Information). In consistence 

with the PL intensity shown in Fig. 3b, the absorbance of the NC solutions increases with the increase of 

the ultrasonication time to 400 min, indicating the increase in the concentration of Cs2SnCl6 NCs in the 

solution. Note that the increase of PLQY can also be attributed to quantum size effect when average NC 

size become smaller.34 

To examine if there exists the quantum size effect, we performed HAADF-STEM imaging of the sizes 

of the Cs2SnCl6 NCs. Fig. 4a shows a HAADF-STEM image of the 400 min-ultrasonicated Cs2SnCl6 NCs, 

as represented by the white spots. Fig. 4b shows the size distribution of the Cs2SnCl6 NCs with an average 

size of ~2.49 nm, which is comparable to an average size of ~2.52 nm for the 100 min-ultrasonicated NCs 

(Fig. S6a-b, Supplementary Information). This result suggests that there is no significant size effect on the 

PLQY enhancement and supports the result that no shift of the PL peak is observed in Fig. 3b for the 

ultrasonication time up to 400 min. It also indicates that the passivation of ligands (OA and OAm) has an 

insignificant effect on the PLQY enhancement of the NCs because the concentration of surface defects of 

a NC is mainly dependent on the NC size. 

The lattice fringe determined from a typical HRTEM image (inset, upper corner in Fig. 4a) is 3.71 Å, 

which corresponds to (220) crystal plane and is in accord with the corresponding SAED (selected area 

electron diffraction) pattern of cubic Cs2SnCl6 (inset, lower corner in Fig. 4a. For an enlarged view, see 

Fig. S6c in Supplementary Information). These results are consistent with the standard JCPDS card 

(PDF#00-007-0197). The EDX mappings in Fig. 4c-e reveal uniform distributions of the elements for the 

Cs2SnCl6 NCs shown in Fig. 4a. Note that only a few colour spots representing the elements are present on 

the mappings because a short duration time was used in the EDX mappings. The NCs are so sensitive to 

the electron beam that a long-time exposure to the electron beam causes the decomposition of the NCs.
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Figure 4. (a) A HAADF-STEM image of Cs2SnCl6 NCs prepared with 40:10 of the volume ratio of OA to 

OAm after an ultrasonication of 400 min. Inset: a HRTEM image (upper right) and a SAED pattern (lower 

right), (b) size distribution of the Cs2SnCl6 NCs in (a), and (c-e) elemental mapping of the Cs2SnCl6 NCs 

in (a).

We used different volume ratios of OA to OAm in the synthesis of Cs2SnCl6 NCs in order to examine 

the synergistic effect of OA and OAm on the optical characteristics of the Cs2SnCl6 NCs. Fig. 5a depicts 

the PL spectra of the Cs2SnCl6 NC solutions with five different volume ratios. The Cs2SnCl6 NC solution 

with a VR of 40 L:10 L possesses the highest PL-peak intensity with a peak wavelength of 435 nm. 

Decreasing the volume ratio of OA to OAm from 40 L:10 L to 10 L:40 L causes the decrease of the 

PL-peak intensity; the PL peak exhibits a slight red shift to 436 nm for the VR of 30 L:20 L and then a 

blue shift to 429 nm for the VR of 10 L:40 L. The variations of the PL-peak intensity and wavelength 

with the volume ratio of OA to OAm demonstrate the synergistic effect of OA and OAm on the PL 

characteristics of the prepared Cs2SnCl6 NCs. Note that the solutions prepared with only OA or OAm in 

hexane did not emit any light under a UV light (365 nm). 
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Figure 5. (a) PL, (c) PLQY, and (d) lifetime of the Cs2SnCl6 NC solutions prepared with different volume 

ratios of OA to OAm; (b) FWHM of (a).

The absorbance spectra of the prepared Cs2SnCl6 NCs with different volume ratios (Fig. S7, 

Supplementary Information) also exhibit similar characteristics to the PL spectra. Fig. 5b presents the 

corresponding FWHM of the PL spectra in Fig. 5a. The FWHM increases from ~90.0 to ~100.0 nm with 

the decrease of the VR of OA to OAm from 40:10 to 10:40.

Fig. 5c shows the decrease of the PLQY of the prepared Cs2SnCl6 NCs with decreasing the volume 

ratio of OA to OAm, which is consistent with the decreasing trend of the PL-peak intensity with decreasing 

the volume ratio of OA to OAm. Decreasing the volume ratio of OA to OAm from 40 L:10 L to 10 

L:40 L causes the decrease of the PLQY of the Cs2SnCl6 NC solutions from 7.8% to 1.3%. The carrier 

lifetime of the Cs2SnCl6 NC solution also exhibits a declining trend, as revealed by the carrier lifetime 

decay curves in Fig. 5d. 

We calculated the carrier lifetimes of the Cs2SnCl6 NCs by fitting the decay curves with a double 

exponential function as 35

Ipl = A1 exp(−t∕𝜏1) + A2 exp(−t∕𝜏2) with A1+A2 = 1 (2)
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where Ipl, 𝜏1 and 𝜏2 are the PL-peak intensity and the carrier lifetimes of short-lived interactive state 

(nonradiative recombination at surface) and long-lived non-interactive state (radiative recombination at 

core) of the Cs2SnCl6 NCs, respectively. A1 and A2 are the fractional contributions of the short-lived 

interactive state and long-lived non-interactive state, respectively.35-41 Table 1 summarizes the numerical 

results of 𝜏1 and 𝜏2. Both the 𝜏1 and 𝜏2 decrease with the decrease of the volume ratio of OA to OAm. This 

can be attributed to the loss of the passivation of OA on the surfaces of NCs, which leads to an increase of 

surface trap density.

Table 1. Lifetimes of the Cs2SnCl6 NCs prepared with different volume ratios of OA to OAm in hexane
Volume ratio

40 L:10 L 30 L:20 L 25 L:25 L 20 L:30 L 10 L:40 L
𝜏1 (ns) 3.52 3.51 3.40 3.13 2.93
𝜏2 (ns) 8.18 8.16 8.08 7.77 7.49

The wavelength effects of the excitation light on the PL characteristics of the Cs2SnCl6 NCs were 

investigated using lights of 290, 315, 340, and 365 nm in excitation wavelengths. The study was focused 

on the Cs2SnCl6 NC solution with 40:10 in the volume ratio of OA to OAm, since this Cs2SnCl6 NC solution 

exhibited the best PL performance. Fig. S8 (Supplementary Information) depicts the PL spectra of the 

Cs2SnCl6 NC solution with and without the excitation lights of 290, 315, 340, and 365 nm in excitation 

wavelengths. Note that the intensities of the excitation lights are so strong that the intensities of the emitting 

lights are not clearly observable, as shown in Fig. S8a with both the excitation and emitting lights. Fig. S8b 

presents the PL spectra of the Cs2SnCl6 NC solution without the excitation lights. It is evident that there are 

four emitting lights of 581, 631, 423 and 435 nm excited by the lights of 290, 315, 340, and 365 nm, 

respectively. The mechanism for such behavior is unclear. The presence of the emitting lights of different 

emission wavelengths (423 and 435 nm) might be due to the bandgap change of the Cs2SnCl6 NCs 

associated with the difference in the electron concentrations 42 under various excitation wavelengths. It is 

interesting to note that there are two strong emissions centred at 581 and 631 nm with narrow FWHMs 

under the excitation lights of 315 and 290 nm, respectively, which can be likely attributed to an artifact of 

the measurements.

The PL characteristics of the Cs2SnCl6 NCs from the Cs2SnCl6 powders prepared with different total 

flow rates and the lengths of capillary tube were also examined to illustrate the possible effects of the total 

flow rate and the length of capillary tube. Fig. S9a-b (Supplementary Information) presents the PL spectra 

of the Cs2SnCl6 NC solutions from the Cs2SnCl6 powders prepared with different VRs and two different 

capillary lengths of 20 cm and 60 cm under a total flow rate of 0.4 mL/min. Similar to the PL characteristics 

of the Cs2SnCl6 NC solution from the Cs2SnCl6 powders prepared under a total flow rate of 0.8 mL/min 
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and the capillary length of 20 cm, the PL peaks of the NC solutions prepared with a total flow rate of 0.4 

mL/min and the capillary length of 20 cm exhibit a slight red shift of 2 nm first and a subsequent blue shift 

to 429 nm when the volume ratio of OA to OAm was decreased from 40:10 to 10:40; the PL peaks of the 

NC solutions prepared with a total flow rate of  0.4 mL/min and the capillary length of 60 cm exhibit a red 

shift first from 435 nm to 439 nm and then a blue shift from 439 nm to 429 nm when the volume ratio of 

OA to OAm was decreased from 40:10 to 10:40. These results are in good agreement with the 

corresponding PLQY results. As shown in Fig. S10a-b (Supplementary Information), decreasing the 

volume ratio of OA to OAM from 40:10 to 10:40 causes the decreases of the PLQYs from 6.17% to 0.6% 

for the Cs2SnCl6 NC solutions from the Cs2SnCl6 powders made with the total flow rate of 0.4 mL/min and 

the capillary length of 20 cm and 6.15% to 0.83% for the Cs2SnCl6 NC solutions from the Cs2SnCl6 powders 

made with the total flow rate of 0.4 mL/min and the capillary length of 60 cm. Fig. S11a-b (Supplementary 

Information) presents the lifetime decay curves of the Cs2SnCl6 NC solutions with different volume ratios 

of OA to OAm, which were prepared from the Cs2SnCl6 powders synthesized under a total flow rate of 0.4 

mL/min for two capillary lengths of 20 cm and 60 cm, respectively. The carrier lifetimes of the Cs2SnCl6 

NCs are summarized in Tables S2-3 (Supplementary Information). According to the results, we can 

conclude that changing the total flow rate and the capillary length has insignificant effects on the PL, PLQY 

and carrier lifetime of the prepared Cs2SnCl6 NCs. 

Define ( ) = [( )|VR=40:10 – ( )|VR=10:40)]/( )|VR=10:40, in which the subscript 1 2, ,  % % 1 2, ,   1 2, ,   1 2, ,  

represents the volume ratio of OA to OAm. Using the data in Figs. 5c and S9, the ratio of  is found to be 

5, 9 and 6 for the Cs2SnCl6 NC solutions made from the Cs2SnCl6 powders prepared with the total flow 

rates of 0.8 mL/min (the capillary length of 20 cm), 0.4 mL/min (the capillary length of 20 cm) and 0.4 

mL/min (the capillary length of 60 cm), respectively. However, the ratios of  and  are less than one. 1% 2%

Such behavior is likely attributed to the difference in the radiative recombination rates of the Cs2SnCl6 NC 

solutions. It is known that both the lifetime and PLQY of NCs are determined by radiative recombination 

rate (ηrad) and non-radiative recombination rate (ηnon-rad). The average lifetime (𝜏ave) of NCs  is calculated 

as43

𝜏ave = (A1𝜏1
2+A2𝜏2

2)/(A1𝜏1+A2𝜏1) = 1/(ηrad + ηnon-rad)                                            (3)

and the PLQY is calculated as43, 44

η = ηrad /(ηrad + ηnon-rad)                                                                                          (4)

which gives 

                               η = ηrad (A1𝜏1
2+A2𝜏2

2)/(A1𝜏1+A2𝜏1)                                                                        (5)
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with ηrad = rcoepn (rcoe, p and n are the recombination coefficient, hole concentration and electron 

concentration, respectively).45 Thus, the PLQY of NCs is determined by the radiative recombination rate 

and the lifetimes. With  in a range of 5 to 9 and 1 and 2 less than 1, it can be concluded that ηrad is larger 𝜏 𝜏

than 1. This result reveals the important role of the volume ratio of OA to OAm in the radiative 

recombination rate associated with the recombination coefficient, hole concentration and electron 

concentration of the Cs2SnCl6 NCs.

The blue shift of the PL-peak wavelength of the Cs2SnCl6 NCs (Fig. 5a and S9) can be attributed to the 

increase in the amount of OAm. Excessive OAm molecules can shear Cs2SnCl6 NCs into smaller ones due 

to the -NH- in OAm,30 as illustrated in Fig. 6. Under the action of OA and OAm, smaller NCs of ~2.02 nm 

in average size (Fig. S12a-b, Supplementary Information) emit blue light of shorter wavelengths due to 

quantum size effect.46, 47 

The surface chemistry of the Cs2SnCl6 NC solutions with various volume ratios of OA to OAm is 

analysed on a Thermo Nicolet IS50 FT-IR spectrometer with a diamond attenuated total reflectance plate. 

As shown in Fig. S13 (Supplementary Information), the peak intensity for the N-H bond centred at 1552 

cm-1 48 increases with the decrease of the volume ratio of OA to OAm (40:10 to 10:40), indicating an 

increase in the interaction between OAm and the NCs. This is in good accord with the increasing shear 

effect with the increase of OAm, as discussed above. The decreases in the peak intensities of the C=O bond 

centred at 1712 cm-1 49 and C–O bond centred at 953 cm-1 50 are in line with the decrease of the volume 

ratio of OA to OAm from 40:10 to 10:40, which indicates the weaker interaction between OA and NCs.

Figure 6. Schematic for the shearing of Cs2SnCl6 NCs by OAm.
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It should be noted that the PL-peak intensity and PLQY (Fig. 5c) of the Cs2SnCl6 NCs exhibit the 

decreasing trend with decreasing the NC sizes instead of the increasing trend associated with the quantum 

size effect.47 This is highly due to that increasing the amount of OAm in the NC solution increases the 

scattering of emitted photons and blocks the light emitted from the solution. Another possible reason for 

the decreasing of the PLQY with the increase of OAm is that decreasing OA (Fig. S11) reduces the 

passivation function in controlling the surface defects of NCs,30 which causes an ascending nonradiative 

recombination of holes and electrons. This is in accord with the lifetime results shown in Figs. 5d and S8 

and Tables 1, S2 and S3.

To further investigate the role of individual ligand in controlling the PL characteristics of the Cs2SnCl6 

NCs, the volume (50 L) of OA was maintained constant and the volume ratio of OA to OAm was varied 

from 50:10, 50:20, ···, to 50:80 in the preparation of the Cs2SnCl6 NC solutions in 5 mL hexane. The as-

obtained PL spectra are shown in Fig. S14a in Supplementary Information. The PL peak for the NC solution 

with the volume ratio of 50:10 is centred at 437 nm; the PL peak experiences red shifts of 1 and 4 nm for 

the volume ratios of 50:20 and 50:30, respectively, and blue shift with the decrease of the volume ratio 

from 50:40 to 50:80. The red shift of the PL peak is highly likely due to the change of the interface 

stress/energy51 between ligands and NCs caused by the increase in the OAm volume. Further increasing 

the OAm volume increases the contribution of the shear effect, leading to the blue shift. Fig. S14b shows 

the variation of the PLQY of the Cs2SnCl6 NC solutions with the volume ratio of OA to OAm with 50 L 

OA, which follows a similar trend to the PL intensity, similar to the results shown in Fig. 3b and d.

The volume effects on the PL characteristics of the Cs2SnCl6 NC solutions were also evaluated with the 

volume ratios of OA to OAm of 40:10, 50:20, 60:30, 70:40 and 80:50 in 5 mL hexane. As shown in Fig. 

S15 (Supplementary Information), the PL-peak intensity (Fig. S15a) and the corresponding PLQY (Fig. 

S15b) decrease with the decrease of the volume ratio of OA and OAm from 50:20 to 80:50. The PL-peak 

wavelength fluctuates between 440 nm and 438 nm, suggesting that increasing the amount of OA in the 

specimen preparation can hinder the shift of the PL peak.

Considering that the Cs2SnCl6 NC solution prepared with 40:10 of the volume ratio of OA to OAm 

exhibited the highest PLQY, we examined the long-term optical stability of the Cs2SnCl6 NCs in the 

Cs2SnCl6 NC solution, as shown in Fig. 7. Over a period of 60 days, the PLQY fluctuates in a range of 7.03 

to 8.25 (Fig. 7a) and the PL-peak wavelength fluctuates in a range of 434 to 436 nm without significant red 

or blue shift (Fig. 7b). These results support that the prepared Cs2SnCl6 NCs possess sound and stable 

optical properties. 

Considering that the Cs2SnCl6 NC solution prepared with 40:10 of the volume ratio of OA to OAm 

exhibited the highest PLQY, we examined the long-term optical stability of the Cs2SnCl6 NCs in the 
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Cs2SnCl6 NC solution, as shown in Fig. 7. Over a period of 60 days, the PLQY fluctuates in a range of 7.03 

to 8.25 (Fig. 7a) and the PL-peak wavelength fluctuates in a range of 434 to 436 nm without significant red 

or blue shift (Fig. 7b). These results support that the prepared Cs2SnCl6 NCs possess sound and stable 

optical properties. 

Figure 7. Optical stability of the Cs2SnCl6 NC solution over a period of 60 days: (a) PLQY, and (b) PL-

peak wavelength.

Figure 8. (a-c) Thermal stability and UV stability (d-f) of the Cs2SnCl6 NC solution over a period of 180 

min: (a) PL spectra of the Cs2SnCl6 NC solution heated at 70 ℃, (b) PL-peak wavelength of the PL spectra 
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in (a), (c) PLQY of the Cs2SnCl6 NC solution in (a), (d) PL spectra of the Cs2SnCl6 NC solution under UV 

light (254 nm in wavelength, 3 mW/cm2 in irradiation rate), (e) PL-peak wavelength of the spectra in (d), 

and (f) PLQY of the Cs2SnCl6 NC solution in (d).

The thermal stability (Fig. 8a-c) and UV stability (Fig. 8d-f) of the Cs2SnCl6 NC solution prepared with 

40:10 of the volume ratio of OA to OAm were evaluated. Fig. 8a shows the PL spectra of the Cs2SnCl6 NC 

solution heated at 70 ℃ over a period of 180 min. The PL peaks fluctuate in a range of 452-453 nm (Fig. 

8b); the PL-peak intensity decreases with increasing the heating time to 60 min, and then increases with 

increasing the heating time from 60 to 180 min to a nearly constant intensity. The variation of the PLQY 

with the heating time (Fig. 8c) exhibits a nearly similar trend to the PL-peak intensity.

The PL spectra of the Cs2SnCl6 NC solution under a UV light (254 nm in wavelength, 3 mW/cm2 in 

irradiation rate) over a period of 180 min is displayed in Fig. 8d.  The emission peaks centre at 446 nm for 

first 90 min and at 447 nm from 120 to 180 min (Fig. 8e). This result suggests that the UV stability of the 

Cs2SnCl6 NC solution is better than the thermal stability in the emission wavelength. The PLQY of the 

Cs2SnCl6 NC solution decreases from 6.35% (UV for 30 min) to 3.27% (UV for 180 min) (Fig. 8d) similar 

to the UV effect on the PL intensity.

We prepared three different Cs2SnCl6 NC solutions from the same Cs2SnCl6 powders with three 

conventionally used solvents (dichloromethane, isopropyl alcohol (IPA) and toluene in 5 mL with 40:10 of 

the volume ratio of OA to OAm). Table S4 in Supplementary Information summaries the PL characteristics 

of the prepared Cs2SnCl6 NC solutions. The Cs2SnCl6 NC solutions have the highest PLQY of 7.96% and 

the lowest PLQY (0.46%) with the IPA and toluene as the solvent, respectively. The PL-peak wavelengths 

are 442, 446 and 450 nm for the Cs2SnCl6 NC solutions with IPA, dichloromethane and toluene as the 

solvent, respectively. Note that IPA has the highest polarity (0.546)52 and toluene has the lowest polarity 

of 0.099.52 However, it cannot be concluded that the higher the polarity, the larger is the PLQY, since the 

PLQY of the Cs2SnCl6 NC solution prepared with hexane of 0.009 in polarity as the solvent is larger than 

the Cs2SnCl6 NC solution with IPA as the solvent. It is the combinational effects of solvent and ligands that 

determine the PL characteristics, including PL-peak wavelength and PLQY, of the Cs2SnCl6 NC solution. 

      As a green route to synthesize Cs2SnCl6 NCs, we used polydimethylsiloxane (PDMS) as a non-toxic 

ligand to synthesize Cs2SnCl6 NCs. Specifically, silicone elastomer base with mass in a range of 0.01-0.05 

g was used as ligand to synthesize Cs2SnCl6 NCs in hexane. The PLQY of the Cs2SnCl6 NC solutions 

increases from 0.53 to 4.23% with increasing the amount of silicone elastomer base from 0.01 to 0.04 g. 

Further increasing the amount of the silicone elastomer base to 0.05 g caused the drop of the PLQY to 

2.86%, as shown in Table S5 in Supplementary Information. This result indicates silicone elastomer base 

can be used as a green ligand in the synthesis of Cs2SnCl6 NCs. We also used silicone elastomer curing 
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agent and the mixture of silicone elastomer curing agent and silicone elastomer base to evaluate if these 

materials can be used as ligands to improve the PLQY of Cs2SnCl6 NC solutions. However, no PLQY was 

detectable for the prepared NC solutions. The possible reason is that silicone elastomer curing agent is not 

a capping agent that can wrap the NCs and disperse stable NCs in the solution. Also, silicone elastomer 

curing agent crosslinks with silicone elastomer base.53, 54 In this case, silicone elastomer curing agent will 

prevent the silicone elastomer base as a role of ligand contributing to the formation of Cs2SnCl6 NCs from 

Cs2SnCl6 powder. This might be the cause that no PLQY of the NC solutions was detectable when the 

mixture of silicone elastomer curing agent and silicone elastomer base was used as a possible ligand. 

Another possible reason for this undetected PLQY is the polarity of hexane (Table S4, Supplementary 

Information), which may have a negative effect on the formation  of Cs2SnCl6 NCs with silicone elastomer 

curing agent.

Table 2 summarizes the synthesis method and the optical characteristics of blue-emitting Sn-based lead-

free NCs available in the literature. It is evident that the synthesis method used in this work is much simple 

and the optical characteristics of the prepared Cs2SnCl6 NCs are superior or comparable to those reported 

in the literature except the Bi-doped Cs2SnCl6 NCs reported by Tan et al.13 However, Tan et al.13 used 

solvothermal process, which requires a high synthesis temperature near 200 ℃ and limits the amount of 

NCs prepared per batch. 

More importantly, the Cs2SnCl6 NCs in hexane exhibited a remarkable stability over 60 days, much 

longer than the one by other methods. The superior stability of the Cs2SnCl6 NCs is likely due to the stronger 

Sn-Cl bond than some other perovskite family materials, such as CsSnCl3.55 In general, the stability of a 

cubic Cs2SnCl6 will be improved when the size of the crystal decreases in a specific range. This is due to a 

smaller surface energy of (100) surface, leading to a significant stability for cubic crystal.56 In contrast to 

the Cs2SnCl6 NCs prepared by the method presented in this work, the one prepared by hot injection 

experiences a thermal quenching process from a high temperature (around 150 ℃) to the ice point in a 

mixture of ice and water. There are more structural defects presented in the NCs, which influence the 

associated optical characteristics.57, 58 That is to say, the Cs2SnCl6 NCs prepared by hot injection possess is 

at non-equilibrium state and can experience structural relaxation at room temperature, leading to the 

changes in optical characteristics over a time period. Note that structural defects are also the cause of optical 

instability for perovskite materials.59-61 Figure S16 (Supplementary Information) presents optical images of 

fresh and 60-day’ Cs2SnCl6 NC solutions, which show no precipitates presented in the Cs2SnCl6 NC 

solution after 60 days. The superior stability can likely be due to the smaller size and less defects of the 

Cs2SnCl6 NCs than the ones prepared by hot injection. 
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Table 2. Comparison of blue-emitted Sn-based lead-free NCs reported in literature and this work
Materials (LFPe NCs) Synthesis 

method
Wavelength 

(nm)
PLQY (%) Stability Ref.

CsSnCl3 HI ~480 0.14 14 days 12

CsSnCl3 HI   475 0.17 - 62

Bi-doped Cs2SnCl6 Solvothermal   455 78.9
2.9% decrease of 
PL intensity in 

water in 120 min
13

Cs2SnCl6 HI   438 4.37 <20 s (irradiation) 63

Sb-doped Cs2SnCl6 HI  438/615 8.25 >20 s (irradiation) 63

Cs2SnCl6 HI 444 - - 64

Cs2SnCl6

Microfluidics 
& 

ultrasonication
435

13.4 (Table S6, 
Supplementary 
Information)

60 days (in air) This 
work

4. Conclusions
We have demonstrated the feasibility to synthesize LFHP Cs2SnCl6 microcrystals in a large scale on a 

microfluidic platform using green aqueous solution at room temperature. Placing the LFHP Cs2SnCl6 

microcrystals in a hexane solution, we have produced blue-emitting Cs2SnCl6 NCs by a ultrasonication 

process. The experimental results reveal that the PLQY of the prepared Cs2SnCl6 NCs increases with 

increasing the ultrasonication time due to the increase of the NC concentration in the solution. Decreasing 

the volume ratio of oleic acid to oleylamine causes the decrease of the PLQY of the Cs2SnCl6 NC solution 

and the shift of the PL-peak wavelength first to a large wavelength and then to small wavelengths. The 

PLQY decrease is attributed to the increase of the non-radiative recombination of charge carriers caused by 

the passivation loss of OA on the surfaces of NCs. The blue shift is due to the excessive -NH- shearing 

effect, which reduces the sizes of large NCs. The long-term stability tests indicate that the Cs2SnCl6 NC in 

the solution have an excellent optical stability in air over a period of 60 days without significant changes 

in the PLQY and PL-peak wavelength. This study opens a green-route approach for a large-scale fabrication 

of LFHP NCs, such as Cs2SnX6 (Cl, Br and I), and is expected to extend to other lead-free NCs. 
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