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A B S T R A C T   

Developing solvent-free methods to synthesize lead-free perovskites is of practical importance from the view
point of sustainability. In this work, we use a facile mechanochemical approach to synthesize a series of lead-free 
Sn-based halide perovskite microcrystals (powders) in ambient conditions directly from precursor powders (CsX 
and SnX2 (X = I, Br, Cl)) without any solvent. Such an approach is energy-saving and avoids the use of toxic 
solvents. There exists phase evolution during the mechanochemical processing of the precursor powders with 
CsSn2Br5 to CsSnBr3 in the first hour and finally into the stabilized phase of Cs2SnBr6 after 28 days and with 
Cs2SnCl4 to CsSnCl3 in the first hour and finally to the stabilized phase of Cs2SnCl6 after 36 days. The stabilized 
Cs2SnI6 powders emit light centered at 930 nm under the excitation of 785 nm, and the stabilized Cs2SnBr6 
powders emit light centered at 682 nm under the excitation of 365 nm. Both the stabilized Cs2SnI6 and Cs2SnBr6 
powders exhibit excellent long-term structural and optical stabilities, and the Cs2SnBr6 powders have a better 
thermal stability than the Cs2SnI6 powders. This work likely offers a green-route synthesis of lead-free halide 
perovskites towards large-scale manufacturing and industrialization.   

1. Introduction 

Lead-halide perovskites, as semiconductor materials with potential 
applications in optoelectronics and next-generation photovoltaic cells, 
have attracted great interest due to the low cost in the facile solution- 
based synthesis processes and their unique optoelectronic characteris
tics of tunable visible-spectrum wavelength and narrow full width at half 
maximum (FWHM) [1,2], high optical absorption, large diffusion length 
of charge carriers and good defect resistance. Both inorganic and 
organometallic lead-halide perovskites of APbX3 (A = Cs, MA, FA and X 
= Cl, Br, I with MA for methylammonium and FA for formamidinium) 
bulk materials [3–5] and their nano-counterparts [6,7] have been 
demonstrated successfully in the applications of light emitting diodes 
(LEDs) [8], quantum-dot light emitting diodes (QLEDs) [9–11] and 
photovoltaic cells. However, the toxicity of Pb in PbX2 as a product from 

the degradation of APbX3 [12] has raised concerns about the applica
tions of APbX3 in optoelectronics and bioimaging, and likely impedes 
the commercialization and industrialization of lead-halide perovskites. 

There is a great need to produce environmental-friendly perovskites 
with excellent optoelectronic properties. For examples. Wei et al. [13] 
prepared Na+-doped Cs2SnI6 nanocrystals with orange emission. Zhou 
et al. [14] obtained air stable Sb3+-doped (C8H22N2Cl)2SnCl6 with the 
emission peak centered at 690 nm. Ma et al. [15] constructed stable 
white light-emitting diodes from a copper-based composite with 
CsCu2I3@Cs3Cu2I5. Zhang et al. [16] synthesized millimeter Cs3Cu2I5 
crystals with blue emission. Using electrospinning technique, Jiang et al. 
[17] prepared poly(vinylidene fluoride) fibers with Cs3Cu2I5 nano
crystals. Xie et al. [18] obtained Cs3Cu2X5 (X = I, Cl) perovskites with 
blue and green emissions, respectively. Tin-based perovskites with 
promising optical properties avoid the lead toxicity from the 
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degradation of lead-based halide perovskites and have the potential to 
replace lead-based halide perovskites in the applications of optoelec
tronics and next-generation photovoltaic cells. The synthesis methods of 
tin-based perovskites can be grouped into two categories: solution-based 
methods [19] and thermal evaporation [20]. The solution-based 
methods generally require the use of toxic-organic solvents, such as 
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) [21] in the 
precursor solutions and octadecene (ODE) in a hot injection process 
[22], which are a threat to the environment. Also, the high temperature 
and inert gases used in the hot injection process make it a complex and 
high-cost process for the synthesis of tin-based perovskites (as well as 
lead-based perovskites). To limit the use of toxic-organic solvents, hy
drothermal process with aqueous solution was developed [23], which, 
however, still involves the use of high pressure and high temperature in 
the synthesis. Thermal evaporation [24] without solvents has been 
considered as an environmental-friendly method, while the high tem
peratures needed for the evaporation of raw materials make it a high 
energy-consuming approach [25,26]. 

Mechanochemical (MC) synthesis, which is attributed to chemical 
reactions induced by mechanical energy, converts externally imposed 
strain energy in “bulk” materials to chemical energy to achieve the 
formation of new solid phases of smaller sizes [27]. The paths available 
for MC synthesis include grinding, ball milling and other similar pro
cessing of powders [28], among which grinding is the simplest engi
neering technique [28,29]. MC synthesis has been recognized as a green 
route without hazardous solvents to produce materials of submicron and 
nanosizes and has been successfully used in the synthesis of lead-based 
perovskites [30–32]. However, there are few reports on the MC pro
cessing of lead-free perovskites. Hong et al. [33] prepared CsSnX3 (X = I, 
Br, Cl) and mixed halide perovskites through a ball-milling approach. 
Ajjouri et al. [34] reported a ball-milling method for the synthesis of 
perovskites including inorganic, organic-inorganic hybrid and double 
perovskites. However, these works did not report and discuss the phase 
formation/transformation during the MC processes. Also, the MC ap
proaches used in these works involved the use of high energy and an 
inert-gas atmosphere, which likely results in a complex and high-cost 
path for the preparation of perovskites. Another MC method available 
for the processing of halide perovskites is resonant-acoustic mixing, 
which requires disposable powders during the specimen preparation and 
likely causes a waste of materials and an increase of cost [35]. 

The aim of this work is to demonstrate the feasibility of the MC 
processing of tin-based halide microcrystals (powders). Instead of using 
a ball-milling machine and/or an ultrasonicator, a manually controlled 
MC method (manual grinding in a ceramic mortar) was used to produce 
Cs2SnI6, CsSnBr3 and CsSnCl3 powders. The evolution of solid phases 
from the precursor powders during the processing was monitored. The 
crystal structures and photoluminescence of the prepared Cs2SnI6, 
CsSnBr3 and CsSnCl3 powders were characterized. The chemical re
actions to form Cs2SnI6, CsSnBr3 and CsSnCl3 were presented. The sta
bilities of the as-prepared Cs2SnI6, Cs2SnBr6, and Cs2SnCl6 in the air 
were also discussed. 

2. Experimental details 

The chemicals used in this work were cesium iodide (99.9%, Alfa 
Aesar), cesium bromide (99.9%, Beantown chemical), cesium chloride 
(99.9%, Alfa Aesar), tin (II) iodide (99%, Strem Chemical), tin (II) 
bromide (99%, Beantown chemical), and tin (II) chloride (99%, Sigma 
Aldrich). They were used as received without further purification. 

Figure S1 (Supplementary Information) shows schematically the MC 
processing of SnX2 and CsX to form Cs2SnX6 and/or CsSnX3. Briefly, the 
mixture of equimolar SnX2 and CsX powders (0.4 mmol each) was 
placed in a ceramic mortar at room temperature. A ceramic pestle was 
used to manually ground the mixture in the mortar at room temperature 
in the air. It is noted that the material synthesis is significantly depen
dent on the synthesis temperature and humidity [36,37]. The 

temperature and humidity were 19 ◦C and 60%, respectively, during the 
grinding. The grinding time was 30 min for the preparation of Cs2SnI6 
powders and 1 h for the preparation of CsSnBr3 and CsSnCl3 powders. 

The prepared powders were analyzed on an X-ray diffractometer 
(XRD) (Siemens D500) with a radiation of CuKα (λ = 1.5406 Å). The 
morphologies of the as-obtained powders were analyzed on a scanning 
electron microscope (SEM) (JSM-I T700HR) equipped with an inte
grated energy dispersive X-ray (EDS) detector. The surface chemistry of 
the as-prepared specimens was investigated on a K-Alpha X-ray photo
electron spectrometer (XPS) (Thermal Scientific). Photoluminescent 
(PL) characteristics of the prepared powders were determined on a 
spectrometer (Ocean Optics) with three excitation wavelengths of 365, 
405 and 785 nm under the same operation conditions. A UV–Visible 
spectrophotometer (Thermo Scientific Evolution) was used to measure 
the UV–Vis absorbance of the prepared powders. 

3. Calculations of molar fraction 

The molar fractions of the formed perovskite compounds were 
calculated by analyzing the corresponding XRD spectra. Briefly, let A 
and B represent two materials in a mixture. The mass ratio between A 
and B is equal to the ratio of the corresponding XRD peak intensity. The 
corresponding molar ratio is calculated as n(A):n(B) = (m(A)/M(A)):(m 
(B)/M(B)) (m and M are the mass and molar mass, respectively), and the 
molar fractions of A and B are calculated as n(A)/(n(A) + n(B)) and n 
(B)/(n(A) + n(B)), respectively. 

4. Results and discussion 

Fig. 1a presents the XRD pattern of the as-prepared powders from 
SnI2 and CsI powders. The XRD pattern matches well with the JCPDS 
card (PDF#025–0743) of cubic Cs2SnI6, confirming that the mechanical 
grinding of the mixture of SnI2 and CsI powders mainly led to the for
mation of cubic Cs2SnI6. The cubic structure of Cs2SnI6 powders with 
space group of Fm3m is in coincidence with the results reported in the 
literature [38–40]. The XRD peaks centered at 13.2◦, 15.3◦, 21.6◦, 25.3◦, 
25.6◦, 30.7◦, 34.3◦, 37.9◦, 40.3◦, 44.1◦, 52.2◦ and 54.7◦ correspond, 
respectively, to (111), (200), (220), (311), (222), (400), (420), (422), 
(511), (440), (622) and (444) crystal planes of cubic Cs2SnI6. Fig. 1b 
shows a 3D crystal structure of the cubic Cs2SnI6. The insets in Fig. 1b 
are optical images of the as-prepared Cs2SnI6 powders under white light 
(WL) (top) and ultraviolet (UV) light (bottom). There is no observable 
difference in the colors of the as-prepared Cs2SnI6 powders under WL 
and UV light, suggesting that the powders do not emit visible light under 
UV light. 

The formation of Cs2SnI6 during the grinding of the mixture of SnI2 
and CsI powders can be attributed to the following chemical reaction 
associated with the role of O2 in the air under mechanical grinding  

2CsSnI3 + O2 → Cs2SnI6 + SnO2                                                      (1) 

The XRD pattern of SnO2 presented in Fig. 1a is in accord with the 
JCPDS card (PDF# 97-005-6674). It should be noted that the impurity of 
SnI4 in the reactant can also lead to the formation of Cs2SnI6. In cubic 
Cs2SnI6 crystal, the octahedra [SnI6]2− with Sn4+ and eight I− is coor
dinated with Cs+. Comparing with cubic CsSnI3 crystal, cubic Cs2SnI6 
crystal can be regarded as cubic double perovskite (A2B’BX6) with the B′- 
site atom being occupied by a vacancy. Thus, Cs2SnI6 can be represented 
by A2BX6 and called as vacancy-ordered double perovskite [40]. 

Fig. 1c depicts the XRD pattern of the freshly prepared powders from 
SnBr2 and CsBr powders. The XRD peaks centered at 21.8◦, 26.7◦, 31.0◦, 
34.5◦, 38.1◦, 44.4◦, 49.9◦, 52.4◦, 55.0◦ and 59.6◦ correspond, respec
tively, to (110), (111), (200), (210), (211), (220), (310), (311), (222) 
and (321) crystal planes of cubic CsSnBr3 and match well with the 
JCPDS card (PDF#000–4071). This result reveals that the mechanical 
grinding of the mixture of equimolar SnBr2 and CsBr powders mainly led 
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to the formation of cubic CsSnBr3 (Fig. 1d) with a space group of Pm3m, 
which is different from the formation of cubic Cs2SnI6 crystal from the 
mechanical grinding of the mixture of equimolar SnI2 and CsI powders. 

Note that the XRD pattern also reveals the presence of small amounts 
of Cs2SnBr6 and CsSn2Br5 (see details about the formation of the two 

chemicals hereinafter) in the final product, as illustrated by the XRD 
peaks. The (220), (222), (400), (440) and (622) crystal planes of cubic 
Cs2SnBr6 (JCPDS card (PDF#97-015-8957)) are represented by solid 
black down-pointing triangles, and the (213) crystal plane of CsSn2Br5 
(JCPDS card (PDF# 97-009-3792)) is represented by a solid black up- 

Fig. 1. XRD patterns of freshly prepared Cs2SnI6 powders (a), CsSnBr3-dominated powders (c), and CsSnCl3-dominated powders (e). The corresponding crystal 
structures of Cs2SnI6, CsSnBr3, and CsSnCl3 are presented in (b), (d) and (f), respectively. (Insets are optical images of the respective powders under white light (WL) 
and ultraviolet (UV) light.). 
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pointing triangle for the XRD peak centered at 29.33◦. Note that the XRD 
peak for the (200) plane of Cs2SnBr6 overlaps with the XRD peak for the 
(211) plane of SnO2 according to the JCPDS card (PDF# 97-018-1280)), 
which likely suggests the formation of Cs2SnBr6 from CsSnBr3. The 
formation of Cs2SnBr6 and CsSn2Br5 can be described by the following 
chemical reactions of (2) and (3), respectively.  

2CsSnBr3 + O2 → Cs2SnBr6 + SnO2                                                 (2)  

CsBr + 2SnBr2 → CsSn2Br5                                                             (3) 

Equation (3) indicates that there exists a small residual of CsBr after 
the mechanical grinding and the superfluous CsBr should be presented 
in the as-prepared powders. However, there are no XRD peaks of CsBr in 
Fig. 1c, likely due to the measurement limitation of the XRD instrument. 
The XRD results indicate that the as-prepared Sn-based perovskite 
powders are a mixture of CsSnBr3, Cs2SnBr6, and CsSnBr5 with the 
dominance of cubic CsSnBr3. The insets in Fig. 1d present optical images 
of the as-prepared CsSnBr3-dominated powders under WL (top) and UV 
light (bottom). It is evident that the as-prepared CsSnBr3-dominated 
powders exhibit red emission under the UV light. The unit cell of the 
cubic CsSnBr3 crystal consists of an octahedra [SnBr6]4− and eight Cs+

co-shared with eight-unit cells. 
Most peaks in the XRD pattern shown in Fig. 1e for the freshly pre

pared powders from SnCl2 and CsCl powders match well with the JCPDS 
card (PDF#022–0200), suggesting that the as-prepared powders mainly 
consist of CsSnCl3 of cubic structure. The XRD peaks centered at 22.5◦, 
28.1◦, 31.9◦, 40.2◦, 47.3◦, 52.1◦ and 57.1◦ correspond, respectively, to 
(110), (111), (200), (221), (220), (310) and (222) crystal planes of cubic 
CsSnCl3. According to Fig. 1e, there is a small amount of Cs2SnCl4 pre
sented in the as-prepared powders. The corresponding XRD peaks are 
represented by open diamonds and match well with tetragonal Cs2SnCl4 
[41] (JCPDS card (PDF#28–0346)). This result reveals that the 
as-prepared powders are a mixture of CsSnCl3 and Cs2SnCl4. The 
chemical reaction for the formation of Cs2SnCl4 can be illustrated as 
below  

2CsCl + SnCl2 → Cs2SnCl4                                                              (4) 

Similar to the formation of the CsSnBr3-dominated powders, equa
tion (4) indicates that there is a small residual of SnCl2 in the as-prepared 
CsSnCl3-dominanted powders. This is supported by the XRD peak rep
resented by an open circle in Fig. 1e. The insets in Fig. 1f show optical 
images of the as-prepared CsSnCl3-dominanted powders under WL (top) 
and UV light (bottom). It is evident that there is coffee-light emission 
from the cubic CsSnCl3-dominanted powders under the UV light. 

SEM imaging was carried out to observe the morphologies of the as- 
prepared powders. Figures S2 in Supplementary Information present 
typical SEM images of the as-obtained powders. The Cs2SnI6 powders 
are presented in a cube-like shape with an average size of ~350 nm. 
Both the CsSnBr3-dominated powders and CsSnCl3-dominated powders 
are presented in an irregular shape. 

The EDS spectra of the as-prepared powders are shown in Figs. S3 in 
Supplementary Information. The atomic ratios of Cs:Sn:I, Cs:Sn:Br, and 
Cs:Sn:Cl are calculated to be around 2:1:6, 1:1:3, and 1:1:3, respectively. 
The results support the formation of Cs2SnI6, CsSnBr3, and CsSnCl3 from 
the grinding of the corresponding precursor powders. 

The surface chemistry of the as-prepared powders was investigated 
by X-ray photoemission spectroscopy. The XPS spectrum (Fig. S4b in 
Supplementary Information) of Cs2SnI6 shows characteristic peaks of Sn 
3d5/2 and 3d3/2 at 487.2 and 495.7 eV, respectively. The characteristic 
peaks of Sn 3d5/2 and 3d3/2 for CsSnBr3 (Fig. S4d in Supplementary 
Information) are centered at 487.0 and 495.3 eV, respectively. It is 
evident that the Sn 3d5/2 of Cs2SnI6 is larger than that of CsSnBr3 due to 
that the Sn4+ of Cs2SnI6 has a larger binding energy than the Sn2+ of 
CsSnBr3 [42]. The characteristic peaks of Sn 3d5/2 and 3d3/2 of CsSnCl3 
(Fig. S4f in Supplementary Information) are the same as the 

corresponding ones of CsSnBr3, attributed to Sn2+ in both the materials. 
These results are in accord with the reports in the literature [39,43]. The 
XPS results are qualitatively in accordance with the EDS results shown in 
Fig. S2. 

The presence of the Cs2SnBr6 and Cs2SnCl4 in the as-prepared pow
ders from the respective grinding of the mixture of SnBr2 and CsBr 
powders and the mixture of SnCl2 and CsCl powders suggests that there 
likely exist phase evolutions between CsSnBr3 and Cs2SnBr6 and be
tween CsSnCl3 and Cs2SnCl4 during the grinding. We further analyze the 
structures of the as-prepared powders from the ground mixture of SnBr2 
and CsBr powders and the ground mixture of SnCl2 and CsCl powders, 
respectively, at different instants. Fig. 2 presents the XRD patterns of the 
as-prepared powders from the ground mixture of SnBr2 and CsBr pow
ders (Fig. 2a) and the ground mixture of SnCl2 and CsCl powders 
(Fig. 2b) at different instants. The XRD patterns in Fig. 2a reveal the 
presences of CsSn2Br5 (JCPDS card (PDF#09–3792)) represented by 
solid black up-pointing triangles and CsSnBr3 (JCPDS card 
(PDF#00–4071)) represented by open triangles after 10 min grinding. 
Further grinding to 1 h led to a significant increase in the amount of 
CsSnBr3, a dramatic decrease in the amount of CsSn2Br5 and the for
mation of a small portion of Cs2SnBr6 (JCPDS card (PDF#15–8957)). 
More details on the evolution of the individual phases are presented in 
Fig. S5a (Supplementary Information). Table S1 (Supplementary Infor
mation) summarizes the variations of the molar fractions of CsSn2Br5, 
Cs2SnBr6 and CsSnBr3 with the grinding time, which are calculated from 
the XRD results. The molar fraction of CsSn2Br5 decreases gradually 
from 71.27% to 57.49% with increasing the grinding time from 10 min 
to 20 min, while the molar fraction of CsSnBr3 increases from 28.73% to 
42.51%. These results indicate that both CsSn2Br5 and CsSnBr3 were 
formed from the mixture of the precursor powders of CsBr and PbBr2 
after the grinding of 10 min. The main product is CsSn2Br5, and further 
grinding caused the reaction between CsSn2Br5 and CsBr to form 
CsSnBr3. Cs2SnBr6 with a molar fraction of 7.84% appeared after the 
grinding time reached 30 min. The molar fraction of Cs2SnBr6 continues 
to increase to 17.25% with increasing the grinding time to 60 min. 
Simultaneously, the molar fraction of CsSn2Br5 decreases from 17.58% 
to 11.56% and the molar fraction of CsSnBr3 remains almost unchanged 
for the grinding time between 30 min and 60 min. This trend suggests 
that the formation of Cs2SnBr6 is mainly controlled by the CsSn2Br5 for 
the grinding time between 30 min and 60 min. It should be noted that 
the atomic ratio of Cs to Sn to Br in the mixed powders (CsSnBr3, 
CsSn2Br5 and Cs2SnBr6) remains close to 1:1:3, indicating the mass 
conservation during this grinding time. 

According to Fig. 2a, the mixture of CsSnBr3, CsSn2Br5 and Cs2SnBr6 
evolved finally to the stabilized phase of Cs2SnBr6 with a small fraction 
of SnO2 after 28 days. Note that there is an insignificant shift towards 
small diffractive angles for the XRD peaks of Cs2SnBr6 comparing with 
the corresponding JCPDS card (PDF#15–8957), which is likely attrib
uted to internal stress in the Cs2SnBr6 crystals. Fig. S5b (Supplementary 
Information) shows the evolution of the XRD pattern, from which the 
molar fractions of the individual phases in the mixture are calculated 
and listed in Table S2 (Supplementary Information). The molar fractions 
of CsSn2Br5 and CsSnBr3 decrease respectively from 16.27% and 43.66% 
after the first week to 0% and 0%, respectively, after the fourth week, 
and the molar fractions of Cs2SnBr6 and SnO2 (JCPDS card PDF#97-019- 
1345) increase respectively from 40.07% and 0% to 48.93 % and 51.07 
%, respectively, within the same period. This indicates that both CsSnBr3 
and CsSn2Br5 contributed to the formation of Cs2SnBr6. Using the molar 
fractions, we calculate the atomic ratios of elements in the mixtures at 
different instants (week 1 to week 4) and find that the atomic ratio of Cs 
to Sn to Br remains to be 1 to 1 to 3 approximately, corresponding to the 
atomic ratio of the elements in the raw materials (CsBr and SnBr2 
powders). All these results reveal the presence of the phase evolution 
from the freshly prepared CsSnBr3 with CsSn2Br5 and Cs2SnBr6 to 
Cs2SnBr6 and SnO2, i.e., CsSnBr3 and CsSn2Br5 react in the air to form 
Cs2SnBr6 and SnO2 in ambient conditions. 
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Figs. 2b and S5c (Supplementary Information) depict the XRD pat
terns of the freshly prepared powders from SnCl2 and CsCl powders, 
which consists of CsSnCl3 powder (JCPDS card (PDF#02–8082)) rep
resented by solid diamonds and Cs2SnCl4 powder (JCPDS card 
(PDF#28–0346)) represented by open diamonds, under the grinding of 
1 h. Using the XRD patterns, the molar fractions of Cs2SnCl4 and CsSnCl3 
are calculated and listed in Table S3 (Supplementary Information). Note 
that the molar fractions of Cs2SnCl4 and CsSnCl3 are about the same after 
the first 10 min grinding. Further increasing the grinding time to 60 min 
led to the increase of the molar fraction of CsSnCl3 and the decrease of 
the molar fraction of Cs2SnCl4. This result suggests that both Cs2SnCl4 
and CsSnCl3 are likely formed simultaneously at the beginning of the 
grinding. Further grinding caused the decrease of the molar fraction of 
Cs2SnCl4 from 49.22% to 36.63% and the increase of the molar fraction 
of CsSnCl3 from 50.78% to 63.37% after 60 min grinding. This trend 
indicates that there exists a reaction between SnCl2 and Cs2SnCl4 to form 
CsSnCl3 during the grinding. Note that the insignificant shifts of the XRD 
peaks to big diffractive angles for both Cs2SnCl4 and CsSnCl3 are likely 
due to the internal stress in the crystals. Similar to the evolution of 
CsSnBr3, the as-resulted CsSnCl3 reacted with O2 to form the stabilized 
phase of Cs2SnCl6 (JCPDS card (PDF#00–9023)) after 36 days in 
ambient conditions. The evolution of the XRD pattern is presented in 
Fig. S5d (Supplementary Information), and the evolutions of the molar 
fractions of the Cs2SnCl4 and CsSnCl3 are listed in Table S4 (Supple
mentary Information). Both the molar fractions of Cs2SnCl4 and CsSnCl3 
remain almost unchanged for the first two weeks. After the third week, 
both the molar fractions of Cs2SnCl4 and CsSnCl3 decrease (32.71% and 
50.94% for Cs2SnCl4 and CsSnCl3, respectively, after the third week and 
0.00% and 0.00% for Cs2SnCl4 and CsSnCl3, respectively, after the fifth 
week). In the same period (third week to fifth week), the molar fraction 
of Cs2SnCl6 increases from 16.35% to 49.42%, and the molar fraction of 
SnO2 (JCPDS card PDF#97-016-9034) increases from 42.43% after the 
fourth week to 50.58% after the fifth week. Both Cs2SnCl4 and CsSnCl3 
contributed to the formation of Cs2SnCl6. The atomic ratio of Cs to Sn to 
Cl in the prepared powders remains approximately to be 1:1:3 for Cs:Sn: 
Cl in accord with the atomic ratio of the raw materials of CsCl and SnCl2 
powders, which implies the mass conservation during the phase evolu
tion. These results suggest that the grinding of CsCl and SnCl2 powders 
can lead to the formation of CsSnCl3 and Cs2SnCl4, which react to form 
Cs2SnCl6 and SnO2 in ambient conditions. 

According to the XRD patterns shown in Figs. 2 and S5 (Supple
mentary Information) and Table S1-S4 (Supplementary Information), 

the chemical reactions associated with the formation of new phases are 
summarized below and shown schematically in Fig. 3.  

CsBr + 2SnBr2 → CsSn2Br5                                                             (5)  

CsBr + SnBr2 → CsSnBr3                                                                (6)  

CsSn2Br5 + CsBr → 2CsSnBr3                                                          (7)  

2CsSnBr3 + O2 → Cs2SnBr6 + SnO2                                                 (8)  

CsSn2Br5 + CsBr + O2 → Cs2SnBr6 + SnO2                                      (9)  

CsCl + SnCl2 → CsSnCl3                                                               (10)  

2CsCl + SnCl2 → Cs2SnCl4                                                            (11)  

Cs2SnCl4 + SnCl2 → 2CsSnCl3                                                       (12)  

2CsSnCl3 + O2 → Cs2SnCl6 + SnO2                                                (13)  

Cs2SnCl4 + SnCl2 + O2 → Cs2SnCl6 + SnO2                                    (14) 

Fig. 3a shows the paths to form cubic Cs2SnBr6 from CsBr and SnBr2. 
Mechanically grinding CsBr and SnBr2 leads to the formation of tetrag
onal CsSn2Br5 (stage I) and cubic CsSnBr3 (small fraction) initially. The 
as-formed CsSn2Br5 is not stable and reacts with residual CsBr to form 
more cubic CsSnBr3 (stage II). Under the ambient condition, both 
CsSn2Br5 and CsSnBr3 are oxidized to form cubic Cs2SnBr6 (stage III). 

Fig. 3b shows the paths to form cubic Cs2SnCl6 from CsCl and SnCl2. 
Mechanically grinding CsCl and SnCl2 leads to the formation of tetrag
onal Cs2SnCl4 and cubic CsSnCl3 initially (stage I). The as-formed 
Cs2SnCl4 then reacts with residual SnCl2 to forms more cubic CsSnCl3 
(stage II). Under the ambient condition, both Cs2SnCl4 and CsSnCl3 are 
oxidized to form cubic Cs2SnCl6 (stage III). 

Fig. 4a and c presents the PL spectra of the as-prepared Cs2SnI6 and 
CsSnBr3-dominated powders under the excitation of 785 and 405 nm, 
respectively. The Cs2SnI6 powders exhibit a PL peak centered at ~930 
nm, corresponding to a band gap of ~1.33 eV in consistence with 1.3 eV 
reported in the literature [38]. The CsSnBr3-dominated powders exhibit 
a PL peak centered at ~691 nm under the excitation of 405 nm, which is 
in consistence with the results reported in the literature [33,44,45]. 
Note that the broad band of the PL peak centered at ~691 nm can be 
attributed to a large range of the particle (microcrystal) sizes of the 
as-prepared CsSnBr3-dominated powders. The absorbance spectra of the 
as-prepared Cs2SnI6 and CsSnBr3-dominated powders are presented in 

Fig. 2. XRD patterns of the as-prepared CsSnBr3-dominated and CsSnCl3-dominated powders at different instants, showing the presence of phase evolution: (a) 
CsSnBr3 (phase evolution from CsSnBr3 to Cs2SnBr6), and (b) CsSnCl3 (phase evolution from CsSnCl3 to Cs2SnCl6). 

X. Huang et al.                                                                                                                                                                                                                                  



Journal of Luminescence 269 (2024) 120432

6

Fig. 4b and d, respectively. Using the absorbance data, the Tauc plots are 
constructed and inserted in the corresponding figures. From the Tauc 
plots, we obtain the bandgaps of 1.72 eV for the as-prepared Cs2SnI6 in 
agreement with the result given by Qiu et al. [46] and 1.85 eV for the 
as-prepared CsSnBr3, respectively. Both the bandgaps determined from 
the absorbance spectra are larger than the corresponding ones deter
mined from the PL spectra. 

It is interesting to note that there are multiple PL peaks centered at 
435, 488, 586, 543 and 612 nm for the as-prepared CsSnCl3-dominated 
powders under UV light of 365 nm in wavelength, as shown in Fig. 4e. 
The mechanism for such behavior is unclear. It might be due to that 
there exists recombination of holes and electrons in multiple sub-bands 
[47]. Fig. 4f depicts the absorbance spectrum of the as-prepared 
CsSnCl3-dominated powder, from which a bandgap of 2.57 eV is ob
tained from the corresponding Tauc plot (the inset in Fig. 4f). Note that 
the value of 2.57 eV is slightly smaller than ~2.98 eV reported in the 
literature [33,44,45]. This can be likely attributed to the presence of 

Cs2SnCl4 in the CsSnCl3-dominated powders. The former possesses a 
bandgap in a range of ~1.20–1.51 eV [41]. 

For the purpose of comparison, we re-synthesized the materials 
(Cs2SnI6, CsSnBr3 and CsSnCl3 powders) at a humidity of 40% with the 
grinding times of ~35 min for the mixture of CsI and SnI2 and 60 min for 
the mixture of CsBr and SnBr2 and the mixture of CsCl and SnCl2, to 
examine whether humidity has any effects on the phase evolution during 
the grinding. XRD and PL tests were performed to analyze the as- 
prepared powders. The results are shown in Fig. S6 in Supplementary 
Information. The XRD patterns in Fig. S6a and c indicate that the hu
midity change from 40% to 60% does not cause phase differences be
tween the as-prepared powders from the grinding of the mixture of CsI 
and SnI2 and between the as-prepared powders from the mixture of CsBr 
and SnBr2. It is interesting to note that CsSnCl3 powders of both cubic 
and monoclinic structures were formed from the grinding of the mixture 
of CsCl and SnCl2 at the humidity of 40% in contrast to CsSnCl3 powders 
of cubic phase formed at the humidity of 60%, as shown in Fig. S6e. Even 

Fig. 3. Schematic of phase evolutions: (a) CsSn2Br5 to Cs2SnBr6, and (b) Cs2SnCl4 and CsSnCl3 to Cs2SnCl6.  
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though the CsSnCl3 powders comprise of both cubic and monoclinic 
phases, the cubic phase is the dominant one. The PL spectra (Fig. S6b 
and d) of the Cs2SnI6 and CsSnBr3 powders formed at the humidity of 
40% are in accord with the corresponding ones formed at the humidity 
of 60% (Fig. 4a and c). The CsSnCl3 powders formed at the humidity of 
40% exhibit a PL peak centered at 452 nm (Fig. S6f), which is different 
from the corresponding one formed at the humidity of 60% (Fig. 4e). 
Such a difference reveals the possible effects of humidity on the evolu
tion of phases during the grinding of the mixture of CsCl and SnCl2. 

The long-term PL stability of the stabilized phases of Cs2SnI6 and 
Cs2SnBr6 powders, which were stabilized in ambient conditions over a 
span of four to five weeks, was further examined over an additional 
period of 1 month in ambient conditions. As shown in Fig. 5a–b, the PL 
intensity retains 86.4% and 88.42% of original intensities after 1 month 
for the stabilized Cs2SnI6 and Cs2SnBr6 powders, respectively. There is 
no shift of the emission wavelength for the Cs2SnI6 powders, which re
mains at 930 nm after one month. This result indicates that the stabilized 
Cs2SnI6 powders prepared by the MC method have good optical stability. 
However, the stabilized Cs2SnBr6 powders exhibited a slight blue shift of 
1 nm for the emission wavelength after one month. Fig. 5c–d presents 

the variation of the PL intensity with temperature for the stabilized 
Cs2SnI6 and Cs2SnBr6 powders, respectively. It is evident that the PL 
intensity decreases with the increase of temperature for both the pow
ders (from room temperature to 93 ◦C for the stabilized Cs2SnI6 powders 
and from 20 to 110 ◦C for the stabilized Cs2SnBr6 powders). There are 
blue shifts of 19 nm and 8 nm for the stabilized Cs2SnI6 and Cs2SnBr6 
powders, respectively, for the corresponding changes in temperature. 
Note that the broad bands of the PL peak shown in Fig. 5a–b can be 
attributed to a large range of the particle (microcrystal) sizes of the as- 
prepared powders. It needs to be pointed out that the as-prepared 
Cs2SnCl6 powders did not emit any light under the laser of 785 nm in 
wavelength. We performed the absorption measurement to analyze the 
optical characteristics of the as-prepared Cs2SnCl6 powders. Figure S7 
presents the absorbance spectrum of the as-prepared Cs2SnCl6 powders, 
which displays an absorption peak around ~380 nm. 

It is known that the intensity of the emission light as a function of 
temperature can be expressed as [48]. 

I(T) =
I0

Ae(−Ea/kBT) + 1
(15) 

Fig. 4. PL and absorbance spectra of the as-prepared Sn-based perovskite powders: (a,b) Cs2SnI6 powders; (c,d) CsSnBr3-dominated powders; and (e,f) CsSnCl3- 
dominated powders. The insets in (b), (d) and (f) are the Tauc plots from the corresponding absorbance data. 
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Fig. 5. Long-term PL stability of the stabilized phases of (a) Cs2SnI6 and (b) Cs2SnBr6. Thermal stability of the stabilized phases of (c) Cs2SnI6 and (d) Cs2SnBr6.  

Fig. 6. Temperature dependence of (a) PL intensities of the stabilized Cs2SnI6 and Cs2SnBr6, (b) PL FWHMs of the stabilized Cs2SnI6 and Cs2SnBr6, and (c) photon 
energies of the stabilized Cs2SnI6 and Cs2SnBr6. 
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where I0 is the intensity of the emission light at 0 K, Ea is the activation 
energy, kB is the Boltzmann constant, and A is a constant. Using Eq. (15) 
to curve-fit the experimental data shown in Fig. 6a, we obtain Ea as 
1005.02 and 299.53 meV for the stabilized Cs2SnI6 and Cs2SnBr6 pow
ders, respectively. For comparison, the fitting curves are included in 
Fig. 6a. Such large activation energies can be attributed to the role of 
thermal quenching [49–52]. Note that there exists a large difference 
between the activation energies of the stabilized Cs2SnI6 and Cs2SnBr6 
powders, suggesting the dependence of thermal quenching on chemical 
composition of halide perovskites. 

According to the Boson model, the FWHM of a PL peak as a function 
of temperature can be expressed as [53]. 

Γ(T) = Γ0 + σT +
Γop

ehωop/kBT − 1
(16) 

Here, Γ0 is the contribution of inhomogeneous broadening, σ rep
resents the interaction of exciton-acoustic phonon, Γop represents the 
contribution of the exciton-optical phonon interaction to the broadening 
of line width, and hωop is the energy of optical phonon. Using Eq. (16) 
with Γ0 = 0 and σ = 0 to fit the experimental data in Fig. 6b, we obtain 
(Γop, hωop) in the units of (meV, meV) to be (348.20, 33.81) and (9.569, 
1.92) for the stabilized Cs2SnI6 and Cs2SnBr6 powders, respectively. 
These results suggest that the Cs2SnI6 powder has a larger PL peak-width 
broadening than the Cs2SnBr6 powder and the exciton-optical phonon 
interaction contributes more to the peak-width broadening of the 
Cs2SnI6 powders than the Cs2SnBr6 powders. This is likely due to the 
larger optical phonon energy (hωop) of the Cs2SnI6 powders than the 
Cs2SnBr6 powders. 

Fig. 6c depicts the variation of the photon energy, as calculated from 
the emission wavelength of the PL peak, of the emission light of the 
stabilized Cs2SnI6 and Cs2SnBr6 powders with temperature. Increasing 
temperature leads to the increase of the photon energy of the emission 
light for both the stabilized Cs2SnI6 and Cs2SnBr6 powders, which is 
qualitatively in accord with the trend reported by Wu et al. [53] Note 

that the photon energy of the emission light is a linearly increasing 
function of temperature for the temperature range used in this work. The 
increasing rates of the photon energy of the emission light per unit of 
temperature (K) are found to be 0.37 and 0.20 meV K−1 for the stabilized 
Cs2SnI6 and Cs2SnBr6 powders, respectively. Such results demonstrate 
that the Cs2SnBr6 powder has a better thermal stability than the Cs2SnI6 
powder, as expected. 

The long-term structural stability of the stabilized Sn-based perov
skites was analyzed over four weeks in ambient conditions. Fig. 7a–c 
shows the XRD patterns of the stabilized Cs2SnI6, Cs2SnBr6 and Cs2SnCl6 
powders, respectively, at four different times. It is evident that there are 
no observable changes in the XRD patterns over the span of four weeks, 
indicating excellent structural stability of the MC-processed Sn-based 
perovskite powders. 

5. Summary 

In summary, we have demonstrated the feasibility of synthesizing Sn- 
based halide perovskites via a green, mechanochemical method in an 
ambient environment, and revealed the phase evolutions during and 
after the mechanochemical processing. The freshly prepared CsSn2Br5 
powders went through the phase evolutions to CsSnBr3 and Cs2SnBr6 in 
1 h and the stable phase of Cs2SnBr6 was obtained from CsSnBr3 and 
Cs2SnBr6 after 28 days. The Cs2SnCl4 powders went through the phase 
evolution to CsSnCl3 in 1 h, and the stable phase of Cs2SnCl6 was ach
ieved after 36 days from both Cs2SnCl4 and CsSnCl3. The as-prepared 
Cs2SnI6 is the stable phase. All the stabilized Cs2SnI6, Cs2SnBr6 and 
Cs2SnCl6 powders exhibited excellent long-term structural stability, 
which can be attributed to the presence of Sn4+. The long-term PL tests 
reveal that the stabilized Cs2SnI6 and Cs2SnBr6 powders retained 86.4% 
and 88.42% of original PL intensities after one month. The results of 
both the long-term XRD and PL tests suggest that the Sn-based perov
skite powders prepared by the mechanochemical processing of the 
precursor powders possess good structural and optical stabilities. The 
temperature-dependence of the stabilized Cs2SnI6 and Cs2SnBr6 

Fig. 7. XRD patterns of the stabilized phases of (a) Cs2SnI6, (b) Cs2SnBr6 and (c) Cs2SnCl6 at different instants.  
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indicates that the Cs2SnBr6 powders have better thermal stability than 
the Cs2SnI6 powders. 
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