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Abstract: The Cs,SnX¢ perovskites have attracted much attention due to excellent optoelectronic
properties and high stability. In the present work, we have focused on the morphology control and
photoluminescence characteristics of the Cs,SnClg perovskite crystals. The synthesis process of the
Csy5nClg crystals includes two stages composed of the formation of initial crystals and the growth of
Cs,5nClg; the later originated from the oxidization of CsSnCls. This process has been confirmed by
Scanning electron microscope (SEM) and X-rays diffraction (XRD). By controlling the concentration of
the initial reactants and hydrochloric acid in the solution to change the supersaturation of the solution,
different crystal morphologies, such as truncated octahedron, octahedron, hexapod, quasi-sphere,
have been obtained. In relatively a low supersaturation solution, the amount of growth units
dominates the crystal growth process to obtain the hexapod and self-assembly crystals. In contrast,
in relatively high supersaturation solution, nucleation predominates to yield small size truncated
octahedrons and near-spherical Cs;SnClg crystals. The synthesized Cs;SnClg crystals have shown
a wide emission band peaking at 450 nm with full width at half maximum (FWHM) 63 nm due to the
defects introduced by Sn?*. The photoluminescence intensities of crystals synthesized at various
conditions exhibited considerable difference, which was about 60 times between the highest and
the lowest.
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1. Introduction

In recent years, all-inorganic metal halide perovskite nanocrystals (generally CsPbX3) have
attracted scientific interest due to their attractive optoelectronic properties together with low cost
and facile solution synthesis process, which have great potential in photovoltaic devices and light
emitting devices [1-3]. In spite of their outstanding performance, all-inorganic lead halide perovskite
still has to face the thorny issue that lead has intrinsic toxicity [4]. In view of non-toxic Sn?* ions,
tin (Sn)-based perovskite CsSnX3 has been a very good alternative to be used in solar cells, infrared
light emitting diodes and lasers [5-9]. Unfortunately, the CsSnX3 perovskites still suffer from the
oxidation of Sn?* to more stable Sn**, leading to a high sensitivity to the ambient atmosphere (oxygen,
moisture, etc.) [5,6,10,11].

As a defect variant of the traditional cubic ABX3 perovskite, CspSnXg4 has a similar crystal structure
with CsPbX3. Cs,SnXg is considerably stable to oxygen and moisture due to containing Sn** rather
than Sn?*, therefore it is promising for large-scale production [12]. Recently, numerous publications
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have reported their preparation methods and potential applications. Wang et al. [13] synthesized
Csy5nlg nanocrystals and demonstrated that Cs;Snlg based field effect transistors exhibit the property
of P-type semiconductor with high hole mobility (> 20cm?/(Vs)). Dolzhnikov et al. [14] employed
a thermal injection method to prepare Cs;Snlg crystals with different sizes by controlling the reaction
time and temperature. Kaltzoglou et al. [12] synthesized Cs,SnClg, CsySnBrg, CspSnlg and CsySnlzBrs
crystals at a high temperature by using different solvents [15]. These crystals were employed as hole
transport materials in dye-sensitized solar cell with the maximum power conversion efficiency of 4.23%
under one solar irradiation [15]. Saparov et al. [4] obtained an n-type Csp,SnCly semiconductor film by
annealing Snly vapor to a glass substrate covered by a Csl film. Xiaofeng Qiu et al. [6] oxidized the
CsSnlj; film to CspSnlg one as a light absorbing layer in a solar cell. In addition, Bi-doped Cs,;SnClg has
exhibited high efficient blue light emission originated from [Big, + V1] defect complex introduced by
Bi3* [16]. However, these studies have mainly focused on the particle size, optoelectronic characteristics
and application of the Csy;SnXg crystals in the field of optoelectronic devices. To our knowledge,
rarely work has been done on their morphology control and photoluminescence characteristics.

Owing to the low solubility product constant of Cs,SnClg in aqueous hydrochloric acid, the reaction
between cesium chloride and tin chloride is rapid, as a result, CspSnClg rapidly nucleates and grows.
In this work, the growth process of Cs,SnClg crystals was studied by controlling the concentration of
the reactants and hydrochloric acid. The Cs,SnClg crystals have shown interesting morphologies such
as truncated octahedron, octahedron, hexapod and quasi-sphere. In addition, we have investigated the
photoluminescence (PL) properties of Cs,SnClg crystals. They exhibited a similar wide emission band
peaking at 450 nm with different intensities under 350 nm excitation.

2. Experiments

Tin (Sn, 99.9%, Aladdin, Shanghai, China), hydrochloric acid (HCl, 36-38%, Titan Technology Co.,
Ltd., Shanghai, China), cesium chloride (CsCl, 99.99%, Aladdin, Shanghai, China), deionized water
(H,0), absolute alcohol (C,HgO, Titan Technology Co., Ltd., Shanghai, China).

Firstly, tin powder was dissolved in a corresponding amount of HCl by a mole ratio of 1:4 to obtain
a SnCl, hydrochloric acid solution. The corresponding amount of CsCl was added to a beaker, then
deionized water and HCI (the amount of added HCI expressed as the concentration of hydrochloric
acid in the solution) were added according to the calculated value and finally, 1.5 mmol SnCl; solution
was added. The mixture was stirred in the air at room temperature for 7 h and then the precipitate was
collected by centrifugation and washed with anhydrous ethanol. Finally, the product naturally dried
in an ambient environment. Typically, 0.178 g Sn powders were dissolved in 0.125 mL HCl to prepare
SnCl, solution, 0.505 g CsCl, 26.5 mL deionized water and additional 9 mL HCl were used to prepare
the sample at the reaction condition of 0.042 mol/L reactants and 3 mol/L HCL

The morphology and particle size of the samples were measured with a Hitachi S-4800 scanning
electron microscopy (SEM). The photoluminescence (PL) and photoluminescence excitation (PLE)
spectra were determined by a Fluorolog-3-P UV-vis-NIR fluorescence spectrophotometer (Jobin
Yvon, France). The absorption spectrum was obtained by a UV-2550 UV-VIS spectrophotometer
(Shimadzu, Japan).

3. Result and Discussion

3.1. The Crystal Growth and Morphologies of the Csy;SnCls Crystals in Different Synthesis Conditions

In this work, SnCl, solution was prepared by dissolving Sn in HCl with a molar ratio of 1:4.
In such a dissolution process, the oxygen from the air partially oxidized SnCl, to SnCly in the presence
of excessive HCI, leading to the coexistence of SnCl, and SnCly in the obtained SnCl, solution
(still expressed as SnCl, for convenience). Therefore, the formation process of the Cs,SnClg crystals
includes two stages as follows:
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Stage 1:
SnCly + 2HCI — H,[SnClg] 1)
H,[SnClg] + 2CsCl — Cs,;SnClg| + 2HCI 2)
SnCl, + 2HCI — H[SnCl;] (©)]
H[SnCl3] + CsCl — CsSnCls | + HCl 4)
Stage 2:
CsSnCl3 — CsCl + SnCl, 5)
SnCl, + 2HCI + O; — SnCly + H,O (6)
SnCly + 2HCI — H,[SnClg] (7)
H,[SnClg] + 2CsCl — CspSnClg | + 2HC1 (8)

In stage 2, an overall balanced reaction will be:
CsSnCl; + 2HCI + CsCl + 1/20, — Cs,SnClg] + H,O 9)

Such a process has been examined by XRD patterns of the samples at different reaction time
(shown in Figure S1, see Supplementary materials). CsSnCl; and Cs,SnClg crystals firstly coexisted in
the samples and then the diffraction peaks of CsSnCl; gradually disappeared and those of Cs;SnCl,
gradually increased with increasing the reaction time; finally, only the diffraction peaks of Cs;SnClg
crystals were observed after a reaction time larger than 6 h. Therefore, the final crystal formation
process consisted of two stages above mentioned. The first one was the fast nucleation and growth
process of the initial Cs,SnClg and CsSnClj crystals according to reactions (1)—(4), which were related
to the concentration of HCl and initial reactants. The second one was the growth process of Cs,SnClg
oxidized from CsSnClj (see the Equations (5)-(8) about the oxidization and precipitation process) on
the initial CspSnClg crystals during the first stage, that is, the initial Cs,SnCl crystals acted as the nuclei
of the second growth stage, the growth rate also depended on the concentration of HCl and reactants.
As the overall content of Cs,SnClg crystals was constant when the same initial reactants content had
been employed, the ratio of Cs,SnClg crystals between the first and second stage remarkably impaired
the crystal morphology.

Figure 1 presents the SEM images of the Cs,;SnCly crystals (determined by XRD patterns in
Figure S2 in Supplementary materials) synthesized by using different amounts of hydrochloric acid
for 0.042 mol/L SnCl, solution. At 3 mol/L HCI, the complete octahedral crystals can be observed
in Figure 1a. When the HCl concentration was increased to 5 mol/L, the crystals showed a uniform
hexapod structure containing six thin and long carambola-like branches (Figure 1b). Interestingly,
when the HCI concentration was increased to 9 and 10 mol/L, the hexapod crystals at different growth
periods (Figure 1c,d), with an expanded volume and enlarged branches, were present clearly, in which
some regular octahedrons with eight holes in eight faces of the octahedron can be seen apparently.
These regular octahedrons were obviously composed of six small octahedral crystals growing along
three orthogonal directions. The holes among these small octahedrons were gradually filled up into
a complete smooth octahedron structure. To clearly be seen, the typical morphologies of the Cs,SnClg
crystals at different HCI concentration have been shown in Figure 2 accompanied by the inset simulated
diagram. For a face-centered cubic crystal [12], according to the law of Bravais [17], the normal sequence
of crystal faces appearing is {111}, {100}, {110}. Therefore, the initial Cs,SnClg crystal nuclei are normal
octahedral structure with eight {111} faces (Figure 2a). The growth process of the crystal changes
from the octahedral spiral growth to the continuous growth of the branched crystal as the driving
force (that is, the amount of the growth units Cs;SnClg) increases [18], as a result, the morphologies
of obtained CsySnClg crystals changed from the octahedron to the hexapod (Figure 2b—d) and then
to the self-assembled bigger regular octahedron (Figure 2e,f). Such morphology changing process
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is akin to the evolution of the Cu,O crystal morphologies reported in the literature, which is called
self-assembly [19].

S4800 12 0fTEBE M x1. 30k
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Figure 1. The SEM images of the CsySnCly crystals prepared with (a) 3 mol/L, (b) 5 mol/L, (c) 9 mol/L,
(d) 10 mol/L HCI for 0.042 mol/L SnCl, solution.

Figure 2. The self-assembly process of Cs;SnClg crystal (A) octahedron, (B-D) Hexapod,
(E,F) Incomplete octahedron.

Figure 3 shows the morphologies of the Cs,SnCly crystals (determined by XRD, see Figure S3
in Supplementary materials) obtained by using different amounts of HCI for 0.083 mol/L SnCl,
solution. At 3 mol/L HCI, there were some complete octahedrons (about 20 pm) accompanied by
incomplete regular octahedrons (about 20-30 pm) with holes, which were similar to those in Figure 1.
At 4 mol/L HCl, a uniform carambola-like structure with particle size about 20 um was formed by
rapidly growing incomplete octahedrons (Figure 3b). Six carambola-like particles may assemble to
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a hexapod. By increasing the HCl concentration, the length of the hexapod branch decreased gradually
leading to a smaller and smaller particle size. Finally, the morphologies varied from the hexapod to the
truncated octahedron and then to the quasi-sphere.

Figure 3. The SEM images of the Cs,SnCly crystals prepared by (a) 3 mol/L, (b) 4 mol/L, (c) 5 mol/L,
(d) 6 mol/L, (e) 7 mol/L, (f) 8 mol/L, (g) 9 mol/L, (h) 10 mol/L HCI for 0.083 mol/L SnCl,.

These changes in morphology and size with increasing HCI content are related to the homogeneous
nucleation and growth process of the crystals. The amount and morphology of the initial Cs,SnClg
crystals depend on the supersaturation of the solution in the first stage of the initial crystal formation,
the higher supersaturation results in larger amounts of nuclei as well as the amount of the initial
Cs,5SnClg crystals. As the initial CspSnClg crystals act as the nuclei of the second growth stage, the final
particle size and morphology are related to the amount of Cs,SnClg oxidized from Cs,SnCl; at stage 2
(see reactions (5-9)). This suggested that the ratio of Cs,SnClg crystals (defined as Ryj;) between the
first and second stage plays a key role in the crystal morphology as mentioned above. During the
two crystal formation stages, the final complete octahedron can be obtained if the amount of the
initial CspSnClg crystals matches that during the second growth stage, in this case, we define Ry, as b
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(means balance). Ry/; larger than b means the larger amount of the initial crystals, contrarily the larger
amount of CspSnClg produced in the second growth stage as the growth units. The crystals with the
different dendritic degree form if Ry, > b because of insufficient Cs,SnClg growth units. Increasing
the crystal growth units, the crystals grow from the dendritic to the self-assembly structure, and then
to the complete smooth octahedron due to the continual growth of the growth units around the initial
dendritic surface, in line with the morphology changing process in the case of the 0.042 mol/L SnCl,
solution (Figure 2). In contrast, at the reactant concentration of 0.083 mol/L, the larger supersaturation
led to more nuclei during the first stage, thus the growth units comparatively decreased, resulting
in Ryp > b. As a result, the morphologies of the Cs,SnClg crystals gradually changed from the
fast-growing dendritic crystals to the fast-nucleating and slow-growing quasi-spherical particles,
and the size decreased accordingly.

The difference of morphology changing between 0.042 and 0.083 mol/L reactants originated from
the larger difference in the reactant concentration. Figure 4 presents the SEM images of the crystals with
the different reactant concentrations at 5 mol/L HCl (For convenient comparison, the images of 0.042
and 0.083 mol/L have also shown in this figure). When the concentration of the reactants increased
to 0.165 mol/L, the crystals exhibited a truncated octahedron structure with a particle size of only
1-2 pm as well as increasing the HCI concentration to 0.083 mol/L. At higher concentrations, nanosize
CspSnClg crystals with impurities (the XRD patterns shown in Figure S4) were obtained (determined by
Transmission electron microscope (TEM), shown in Figure S5 in Supplementary materials). According
to the above discussion, the effect of the reaction conditions on the morphology of the Cs,SnClg crystals
has been summarized in Figure 5 and Figure S6.

& 4
W
’ L")'.V 11&){ ’,\

Figure 4. The SEM images of the Cs,SnClg crystals prepared at 5 mol/L HCI concentration for different
SnCl, concentrations: (a) 0.042 mol/L, (b) 0.083 mol/L, (c) 0.167 mol/L.
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Figure 5. The summary flowchart of the crystal morphologies and synthesis conditions.

3.2. Photoluminescence Characteristics

As akind of perovskite, Cs,SnClg also exhibited highly efficient blue light emission originated from
[Bisn + V] defect complex introduced by Bi3* [16], however, no report about the photoluminescence
of the Cs,SnCly crystal without dopants has been published except for the recent work [20] to the best
of our knowledge. Figure 6a shows the PL spectra of the crystals prepared at 0.083 mol/L SnCl, solution
and different HCI concentrations under 350 nm excitation; the PLE and PL spectra of the crystals in
Figure 3g are shown in Figure 6b. The PL spectrum of the Cs,SnClg crystals has a wide emission band
peaking at 450 nm with FWHM 63 nm and a large Stokes shift about 100 nm. The absorption spectra
(Figure S7) have shown weak and wide absorption band about 350 nm when the crystals exhibited
strong photoluminescence characteristics, reversely, this absorption band could not be distinguished
from the non-photoluminescence crystals. This is similar to the literature [16], indicating that such
emission spectra also originate from some kinds of defects, which are Vg, 1vy and V¢ due to Sn?* in
the crystals (see XPS spectra in Figure S8). It suggests the existence of the characteristic 3d3,, (495.7 eV)
and 3ds;; (487.2 eV) peaks of Sn?* in addition to Sn** 3d3; (496.1 eV) and 3ds); (487.6 eV) [16,19].
The intensity of the PL emission peak depends on the number of defects in the crystals, and that of
high purity and uniform crystals is relatively weaker [21,22], the highest one is 60 times larger than the
lowest one as shown in Figure 6a. However, the relationship between the photoluminescence intensity
and the crystal morphology is still irregular. Besides, the huge difference in photoluminescence
intensity is significantly associated with the number of defects owing to the different reaction condition.
These have been discussed in detail in our recent work [22].

1.2x107
a Excitation 350nm —— 4mol/L b Lo —— Abs.
5 —3mol/L ’ — PLE
0510 — 5mol/L 1 PL
— 9mol/L 084
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Figure 6. (a) The PL spectra of the Cs,SnClg crystals in Figure 3. (b) The absorption, PL and PLE
spectra of the Cs,SnClg crystals in Figure 3g.
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4. Conclusions

In summary, the different crystal morphologies of Cs,SnClg, such as truncated octahedron,
octahedron, hexapod, quasi-sphere, have been obtained by controlling the initial reactants and HCI
concentration in the solution. The amount of crystal nucleation and growth units increases as increasing
the initial reactants HCl concentration. When the amount of nucleation is more than the growth units,
nucleation controls the crystal growth to obtain crystals with different dendrites. Conversely, when the
number of growth units is larger, the driving force controls the crystal growth to obtain the hexapod
and self-assembled crystals. Under 350 nm excitation, the Cs,SnCl¢ crystals exhibit a wide emission
band peaking at 450 nm with an FWHM of 63 nm and a large Stokes shift of 100 nm. Due to the
influence of the defects number, the highest one is 60 times larger than the lowest one.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/5/258/s1,
Figure S1: XRD patterns of the Cs,SnClg crystals prepared at different time, with a hydrochloric acid concentration
of 5 mol/L and an SnCl, concentration of 0.083 mol/L, Figure S2: XRD patterns of the Cs,SnClg crystals synthesized
at different HCI concentrations (3, 5, 9, 10 mol/L) in the aqueous solution with SnCl, concentration 0.042 mol/L,
Figure S3: XRD patterns of the Cs,SnClg crystals synthesized at different HCI concentrations in the aqueous
solution with SnCl, concentration 0.083 mol/L, Figure S4: XRD patterns of the Cs,SnClg crystals synthesized
at different SnCl, concentration in the aqueous solution with a hydrochloric acid concentration of 5 mol/L,
Figure S5: HR-TEM images of the Cs,SnClg crystals prepared at normal temperature in the aqueous solution with
a hydrochloric acid concentration of 5 mol/L and a SnCl, concentration of (a, b) 0.208 mol/L, (c, d) 0.250 mol/L,
Figure S6: Summary of crystal morphology and synthesis conditions, Figure S7: UV-vis absorption spectroscopy
of the Cs,SnCly crystals prepared with 0.083 mol/mL SnCl, and different concentration of HCIL. The illustration is
a partial magnification between 300-400 nm, Figure S8: (a) XPS survey spectrum of Cs,SnClg crystals prepared
with 0.083 mol/mL SnCl, and different concentration of HCI. (b) High-resolution XPS spectra and peak fitting for
Sn 3d.
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