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Abstract
Cesium lead iodide (CsPbI3), cesium tin iodide (CsSnI3), and CsPb1-xSnxI3 metal-halide perovskite 
(MHP) nanoparticles were synthesized by a solvothermal method. The powder X-ray diffraction 
(XRD) patterns of the synthesized CsPbI3 and CsSnI3 were found to correspond to α-CsPbI3 and 
black γ-CsSnI3 perovskite phases, respectively. The nanoparticles synthesized from equimolar 
amounts of Pb and Sn precursors indicated the formation of α-CsPbI3, black γ-CsPbI3, and black 
γ-CsSnI3 perovskite phases instead of the formation of the intended quaternary CsPb0.5Sn0.5I3 
solid solution. The field emission scanning electron microscopy (FESEM) images showed the 
formation of nanorods for CsPbI3, nanorods and nanoplatelets for CsSnI3, and nanorods/
nanowires and nanoplatelets for the intended CsPb0.5Sn0.5I3 nanostructures. The Fourier 
transform infrared (FTIR) spectra of the synthesized samples showed the presence of the oleic 
acid ligand used in synthesis as a surfactant in the synthesized nanostructures. The estimated 
band gaps of the synthesized α-CsPbI3 and B-γ-CsSnI3 nanostructures from the UV-visible 
optical absorption measurements were found to be slightly higher than the reported bulk 
band gap values of these materials, which may be due to the quantum confinement effect.  The 
exciton-related absorptions were observed both in α-CsPbI3 and B-γ-CsSnI3 nanostructures. 
The band gaps of both α-CsPbI3 and B-γ-CsSnI3 nanostructures were found to show a blue 
shift as the nanostructures undergo aging, which may be due to the predominance of the 
band-to-band absorption over the excitonic absorption with aging of the nanostructures. 
The synthesized nanostructures appear to exhibit long-term structural stability, as confirmed 
by the observation of stable XRD patterns and UV-visible optical absorption spectra of the 
synthesized samples for a period of four to six months after the synthesis.  
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1. Introduction

Since the late 1990s, the MHPs have been attracted 
considerable attention for applications such as solar 
cells, light-emitting diodes, lasers, photodiodes, and 
photocatalysts due to their excellent optoelectronic 
properties [1]. The metal-halide perovskites (MHPs) are 
described by the general chemical formula ABX3, where 
A and B are the cations and X is the halide anion. The 
MHPs, in general, are classified into two main classes: 
organic-inorganic hybrid MHPs and inorganic MHPs [1-2]. 
In organic-inorganic hybrid MHPs, A-site is occupied by 
an organic monovalent cation such as methylammonium 
(CH3NH3

+, MA+) or formamidinium (CH(NH2)2
+, FA+), and 

the A-site in inorganic MHPs consists of inorganic-metal 
cesium (Cs+) or rubidium (Rb+) cations [1-3]. In both 
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the above classes, the B-site consists of divalent metal 
cations such as lead (Pb2+), tin (Sn2+), germanium (Ge2+), 
strontium (Sr2+), and calcium (Ca2+). The X-site consists 
of a halide anions such as I-, Br-, or Cl- in both the above 
classes of MHPs [1-3]. In 2009, Kojima et al., first used 
MHPs as visible-light sensitizers in solar cells [4]. Since 
then, progress in the study of lead-halide perovskites 
for solar cell applications has increased significantly.  In 
2012, Kim et al. reported, for the first time, all-solid-state 
perovskite solar cells using organic-inorganic MHPs [5]. 
Currently, the progress in MA- and FA-based lead halide 
perovskite organic-inorganic MHP nanocrystal (NC) 
solar cells has resulted in a photo conversion efficiency 
(PCE) of about 25 to 26% under laboratory conditions 
[1,6,7]. However, the instability of MA and FA based lead 
halide perovskite organic-inorganic hybrid MHPs under 
environmental conditions and toxicity had limited these 
materials for solar cell applications. Recently, all-inorganic 
semiconducting MHPs such as CsPbX3 (X = Cl, Br, and I) 
NCs have emerged as ideal materials for optoelectronic 
applications including solar cells, light-emitting diodes, 
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lasers, and photodetectors. Compared to the organic-
inorganic hybrid MHPs, the inorganic metal halide 
perovskites show higher melting points, higher thermal 
stability, and enhanced photophysical properties [1,8]. 
Protesescu et al. for the first-time synthesized the CsPbX3 
NCs in 2015 using a hot-injection method [9]. Since 
then, CsPbX3 NCs have been prepared using solution and 
vapor-phase growth methods by various researchers 
[1,10]. The solution-based methods include hot injection, 
ligand-assisted precipitation, solvothermal, microfluidics, 
and spin coating [1,11]. The parameters like precursors, 
surface ligands, synthesis duration, and synthesis 
temperature were optimized by various researchers 
during the solution-based synthesis to obtain the desired 
properties of the synthesized all-inorganic perovskite NCs 
[9,11]. Among the CsPbX3 perovskites, the cubic CsPbI3 
(a-CsPbI3) has an energy band gap of about 1.73 eV at 
room temperature [12]. The solar spectral matching of 
the energy band gap, the excellent optical properties, and 
ease of synthesis have attracted considerable attention 
for perovskite perovskite a-CsPbI3 as a promising material 
for high-performance solar cells [13,14]. However, 
a-CsPbI3 has the problem of room temperature instability 
[13,15] and the high toxicity of Pb [16]. CsPbI3 is known to 
have four structural phases: the room temperature non-
perovskite orthorhombic phase known as the d-phase 
or yellow phase (Y-CsPbI3), and three high temperature 
perovskite phases with cubic (α-phase), tetragonal 
(β-phase), and orthorhombic (γ-phase) structures [13,15]. 
The non-perovskite orthorhombic d-phase and perovskite 
cubic phase (α-phase) are the most commonly observed 
crystal phases of CsPbI3 [13]. The perovskite cubic phase 
of CsPbI3 is known to be stable only above a temperature 
of 300 °C and as the temperature decreases it undergoes 
a structural phase transition via the high-temperature 
metastable perovskite tetragonal b-CsPbI3, followed by 
orthorhombic black g-CsPbI3 (B-g-CsPbI3) phase, to the 
room-temperature stable non-perovskite d-CsPbI3 phase 
[17]. The d-CsPbI3 with an energy band gap of around 2.82 
eV, along with poor optical properties, is not a suitable 
material for optoelectronic applications [13]. Researchers 
are exploring strategies such as thermal engineering [15], 
surface treatments/surface modifications [15,17–20], 
composition engineering [13,17,19], use of size-controlled 
nanostructures [9,18,21,22], and strain engineering 
[13,23] for room temperature stabilization of the 
perovskite phases of CsPbI3. The report of Protesescu et al. 
[9] in 2015 is an example of the size-controlled synthesis 
of room temperature stable CsPbX3 NCs. Similarly, 
Swarnkar et al. [21] in 2016 reported the quantum-dot-
induced stability of a-CsPbI3 perovskite. Zhang et al. 
reported highly luminescent and stable perovskite CsPbI3 
NCs with sodium dodecyl sulfate (SDS) ligand passivation 
using the hot-injection method [24]. Chen et al. reported 
highly luminescent and stable perovskite CsPbI3 NCs using 
TOPO as a ligand [25]. Chen et al. reported the synthesis 
of highly luminescent cubic CsPbI3 via a hot-injection 
method based on a hydrogen lead trihalide (HPbI3) 
intermediate compound, using hydrogen iodide (HI), PbI2, 
N,N-dimethylformamide, Cs2CO3, octadecene, oleic acid, 
and oleylamine as precursors [26]. Wen et al. reported 

the highly luminescent and stable  a-CsPbI3 nanorods 
synthesized by the solvothermal method [27]. 

To overcome the toxicity of lead, the development of 
lead-free all-inorganic cesium halide-based semiconductor 
perovskite materials by replacing Pb2+ ions with Sn2+ and 
Ge2+ ions in CsPbX3 has received attention [1]. Among 
the all-inorganic lead-free cesium halides, cesium tin 
halide nanomaterials such as CsSnI3 [28–30], CsSnCl3 
[31], CsSnBr3 [32], and CsSnBr2Cl are widely investigated 
[33]. Also, the partial replacement of Pb2+ with Sn2+ in 
CsPbX3 to produce perovskite nanostructures with optical 
properties similar to the cubic CsPbX3 nanostructures has 
been an active area of research [17]. Similar to perovskite 
CsPbX3, the CsSnX3 perovskite phase is not stable at 
room temperature. For example, CsSnI3 is known to 
have four structural phases: two orthorhombic phases, 
the one-dimensional non-perovskite Y-phase, and three-
dimensional perovskite black g-phase, are co-existing at 
room temperature and two high temperature phases, the 
tetragonal black b-phase and the black a-phase [28–30]. 
Upon heating, the black g-CsSnI3 is reported to undergo 
a structural phase transition at 362 K to black b-phase 
and then to a black a-phase at around 440 K [28–30]. 
The black g-phase is reported to transform into one-
dimensional non-perovskite Y-phase when exposed to 
air at room temperature; the Y-phase CsSnI3 is reported 
to transform to black a-phase when heated above 425 K, 
and upon subsequent cooling, the cubic phase transforms 
through black tetragonal b-phase to black g-phase [28–
30]. The perovskite B-g-CsSnI3 is known to be a direct 
band gap semiconductor material with a band gap energy 
of 1.3 eV at room temperature and has excellent optical 
properties for various optoelectronic applications [28–
30,34,35]. However, perovskite B-g-CsSnI3 also has the 
problem of rapid oxidation of Sn2+ to Sn4+ when exposed 
to air and resulting in the degradation of its optoelectronic 
properties [36]. To overcome the instability of the 
perovskite phase of CsSnX3 and oxidation of Sn2+ to Sn4+, 
researchers are also using strategies such as additive 
engineering, composition regulation, and use of proper 
synthesis methods [35,37].  Ali et al. discussed the lead-
free CsSnCl3 perovskite nanocrystals synthesis by adopting 
a rapid hot-injection technique and showed thermal 
stability of the as-synthesized CsSnCl3 sample over a wide 
temperature range (30–280 °C) by conducting TGA and DSC 
measurements [31]. Adib et al. discussed the synthesis of 
stable cubic perovskite CsSnBr3 nanocrystals by adopting 
a rapid hot-injection technique through bismuth doping 
and they showed thermal stability of the as-synthesized 
CsSnBr3 sample up to around 400 °C by TGA measurement 
[32]. Yasmeen et al. discussed the moisture-stable 
CsSnBr3Cl nanocrystals synthesis by adopting a rapid hot-
injection technique and demonstrated its stability even 
after 75 days of water immersion [33]. Cao et al. showed 
the   stability enhancement of lead-free CsSnI3 perovskite 
photodetector with reductive ascorbic acid additive [38]. 
Benaicha et al. discussed enhanced structural stability 
and optoelectronic properties of lead-free 𝛼-phase CsSnI3 
perovskite via Zn and Cu doping [39]. Dilshod et al. report 
preparation of air stable lead-free CsSnI3 perovskites: 
synthesis based on CsI and SnCl2 solutions [40]. 
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The hot-injection and solvothermal techniques are 
the prominent methods for preparing CsPbX3 and CsSnX3 
nanocrystals. The purpose of the present work was an 
attempt to synthesize long-term stable CsPbI3 and CsSnI3 
nanoparticles for solar cell applications. In the present 
study, CsPbI3 and CsSnI3 nanoparticles were synthesized 
using solvothermal method, using a procedure somewhat 
similar to that described by Wen et al. [27] for the 
synthesis of CsPbI3. The synthesized nanomaterials were 
characterized using powder XRD, FESEM, FTIR, and UV-
visible absorption spectroscopy. Also, the synthesis of 
CsPb1-xSnxI3 was attempted using equal molar ratios of 
PbI2 and SnI2, respectively, as Pb and Sn sources. However, 
the XRD patterns of the synthesized nanoparticles 
demonstrate the formation of the cubic a-CsPbI3, 
orthorhombic black-g-CsPbI3, and the orthorhombic 
black -g-CsSnI3 nanostructures instead of solid solution 
of CsPb1-xSnxI3. The solvothermal synthesis of CsPbI₃ 
and CsSnI₃ resulted in the formation of long-term stable 
α-CsPbI₃ and B-γ-CsSnI₃ phase nanostructures. 

2. Experimental 

2.1 Materials 
Cesium carbonate (Cs2CO3, TCI), lead(II) iodide (PbI2, 

TCI), tin(II) iodide (SnI2) (TCI), 1-octadecene (1-ODE, 
Sigma Aldrich), oleic acid (OA, TCI), oleylamine (OLA, TCI) 
were used for the synthesis of cesium lead-tin iodide 
perovskite nanocrystals by the solvothermal method.

2.2 Preparation of precursor solutions
Precursor solutions were prepared using a method 

adapted from Wen et al. [27] for the synthesis of CsPbI3 
and CsSnI3 nanoparticles as discussed below.

2.2.1 Cesium Oleate (CsOL) preparation
Wen et al. [27] prepared the cesium oleate precursor 

by following the procedure of Protesescu et al. [9], under 
ambient conditions instead of in an inert gas atmosphere. 
The procedure of Wen et al. was adopted in the present 
work to prepare the CsOL precursor [27]. In a 100 mL 
three-neck round bottom flask, 0.653 g (2 mmol) of 
cesium carbonate (Cs2CO3), 18 mL of 1-ODE, and 2.5 mL 
of OA were added to prepare CsOL. The resulting mixture 
was subjected to heating at 150 °C for 30 minutes in open 
air with continuous stirring at 500 rpm. Subsequently, the 
solution was allowed to cool to room temperature.

2.2.2 Preparation of PbI2 precursor
For the preparation of PbI2 precursor solution, 0.922 g 

(2 mmol) of PbI2, 20 mL of 1-ODE, 3 mL of OA, and 3 mL of 
OLA were added to a 100 mL 3-neck round-bottom flask 
and stirred at 1000 rpm at 150 °C for 60 minutes under 
open air using a magnetic hotplate stirrer.

2.2.3 Preparation of SnI2 precursor
The SnI2 precursor solution was prepared using 0.745 

g (2 mmol) of SnI2, 20 mL of 1-ODE, 3 mL of OA, and 3 
mL of OLA in a 100 mL 3-neck round-bottom flask. The 
precursor solution temperature was maintained at 150 
°C under open-air conditions for 60 min under constant 

stirring at 1000 rpm using a magnetic hotplate stirrer.

2.2.4 Preparation of SnI2-PbI2 precursor
In a 100 mL 3-neck round-bottom flask 0.373 g (1 

mmol) of SnI2, 0.461 g (1 mmol) of PbI2, 20 mL of 1-ODE, 
3 mL of OA, and 3 mL of OLA were combined. OA and OLA 
were found to be essential for dissolving the precursors 
and also used for stabilizing the synthesized nanocrystals 
[9]. The resulting mixture was consistently stirred at 1000 
rpm at 150 °C for 60 minutes under open air using a 
magnetic hotplate stirrer.

2.3 Solvothermal synthesis of CsPbI3, CsSnI3, CsPb1-xSnxI3 
nanocrystals 

For the synthesis of CsPbI3, CsSnI3, and CsPb1-xSnxI3 
nanocrystals, for each of the prepared PbI2, SnI2, and 
PbI2–SnI2 precursor solutions, 2 mL of the prepared 
CsOL solution was added under continuous stirring at 
room temperature for 5 min and loaded into a Teflon-
lined autoclave (100 mL). The solvothermal growth of 
CsPbI3, CsSnI3, and CsPb1-xSnxI3 nanostructures using the 
respective precursor solutions was carried out at 150 
°C for 60 minutes. After the solvothermal growth, the 
solution was centrifuged and washed with n-hexane 3 to 
5 times to remove the unreacted precursors. Each of the 
resulting nanostructures was dried at 150 °C for 14 hours 
in ambient conditions.

2.4 Characterization
The powder XRD pattern was recorded using a Rigaku 

Miniflex 600 benchtop X-ray diffractometer with a CuKa 
(l = 0.15406 nm) X-ray source. FTIR measurements were 
performed on a Shimadzu IRSpirit Fourier transform 
infrared spectrophotometer. The FESEM studies were 
acquired using a Zeiss Gemini Sigma 300 system. Energy-
dispersive X-ray spectroscopy (EDX) was performed using 
the EDX detector attached to the Sigma 300 FESEM. The 
UV-visible optical absorption measurements were carried 
out using a Shimadzu UV-1800 spectrophotometer. Due 
to the temporary unavailability of the characterization 
facilities, the synthesized nanocrystals could not be 
characterized right after the synthesis; all characterizations 
were carried out several days after the synthesis.

3. Results and Discussion

3.2 X-ray diffraction spectroscopy
Fig. 1(a) and 1(b) show the powder XRD patterns 

of the synthesized CsPbI3 nanostructures, which were 
stored in ambient air for 50 and 150 days after synthesis, 
respectively. The appearance of the well-resolved XRD 
pattern even after a prolonged period following synthesis 
indicates the long-term stability of the synthesized 
nanostructures in ambient air. Compared with previously 
reported data, the XRD peaks appearing at 2θ values of 
14.01°, 20.05°, 25.81°, 28.41°, 32.51°, 36.01°, 40.91°, 
and 42.51° in Fig. 1 could be assigned to the (100), (110), 
(111), (200), (210), (211), (220), and (300) planes of 
α-CsPbI3, respectively [41–43]. The observation of the 
well-resolved XRD patterns even after 150 days after 
the synthesis indicates the long-term stability of the 
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synthesized a-CsPbI3 nanostructures. 
The low-intensity XRD peaks observed at 2θ values 

of 23.86°, 27.25°, and 48.57° in Fig. 1 can be assigned to 
the (100), (110), and (211) planes of CsI, respectively [44]. 
The XRD peaks observed at 2θ values of 38.58° and 53.04° 
can be assigned to (003) and (004) planes of PbI2[45]. The 
presence of CsI and PbI2 may be due to the incomplete 
conversion of the CsI and PbI2 precursors into CsPbI3 or 
due to the slow decomposition of CsPbI3 into CsI and PbI2 
upon aging. There are reports in the literature on the long-
term stability of a-CsPbI3 nanocrystals under ambient air 
[9,18,20,46]. Swarnkar et al. reported the synthesis of 
α-CsPbI₃ quantum dots (QD) thin films having long-term 
ambient air stability and demonstrated stable XRD and 
optical absorption for these films stored in ambient air for 
a period of 60 days [21].  Li et al. reported the synthesis 
of long-term stable a-CsPbI3 nanostructured films by poly-
vinylpyrrolidone (PVP) surface passivation and presented 
the stable XRD pattern of such a-CsPbI3 nanostructured 
film after 80 days [18]. Dutta et al. reported ambient air 
stable synthesis of a-CsPbI3 nanostructure by hot-injection 
method at a temperature higher than the typical hot-
injection synthesis temperature using OLA and hydroiodic 
acid, and replacing the ice-cooling process with extended 
thermal annealing at the synthesis temperature [47]. The 
oleylamine (OLA) surfactant binding on the nanocrystals 
is reported to be dynamic, may desorb during isolation by 
centrifugation and purification process [48]. In nanoscale 
metal halide perovskites, it has been believed that the 
high surface-to-volume ratio related surface stress can 
lead to sufficient tensile strain so that the crystal remains 
in the perovskite structural phase at room temperature 
[21,22]. Therefore, the observed long-term phase stability 
of the synthesized a-CsPbI3 in the present work may be 
due to their nano-dimensions [9,20,22].

Fig. 2(a) and 2(b) show the XRD patterns of the 
synthesized CsSnI3 nanostructures, which were stored 

in ambient air for 48 days and 151 days after the 
synthesis, respectively. In comparison with literature, the 
peaks observed at 2θ values of 14.91°, 20.97°, 23.01°, 
24.01°, 25.51°, 27.51°, 29.01°, 32.41°, 36.49°, 38.37°, 
42.15°, 45.15°, 51.57°, and 54.65° could be assigned 
to (101), (200), (201), (211), (220), (221), (202), (103), 
(321), (033), (242), (421), (440), and (423) planes of the 
perovskite black orthorhombic phase CsSnI3 (B-g-CsSnI3) 
nanostructures, respectively [49–52]. The additional 
peaks observed at 2θ values of 39.32°, 48.68°, and 56.92° 
could be assigned to (200), (211), and (220) planes of 
CsI, respectively [44,53]. The CsI may be present either 
because the CsI precursor was not fully converted into 
CsSnI3 or because CsSnI3 slowly decomposed into CsI 
for a long time after synthesis. The XRD patterns of the 
hydrothermally synthesized B-g-CsSnI3 nanostructures 
shown in Fig. 2 also indicate the long-term stability of the 
nanostructures under ambient conditions.

Fig. 3 presents the XRD patterns of the perovskite 
nanostructures synthesized using CsOL along with 
equimolar amounts of PbI₂ and SnI₂ precursors, 
recorded at (a) 28 days and (b) 122 days post-
synthesis,  respectively. Comparing the XRD pattern 
shown in Fig. 3 with the literature indicates the growth 
of α-CsPbI3 [41,42], B-γ-CsPbI3 [54], and B-γ-CsSnI3 [49–
52] nanoparticles structures instead of the intended 
quaternary CsPb0.5Sn0.5I3 nanoparticles. The XRD peaks 
observed at 2θ values of 14.01°, 20.05°, 25.51°, 28.41°, 
32.47°, 36.01° and 40.91° are assigned to the (100), (110), 
(022), (200), (210), (211) and (220) planes of α-CsPbI3 
(represented as aPb in Fig. 3), respectively [41–43]. The 
XRD peaks observed at 2θ values of 23.01o, 24.01°, and 
29.01° are assigned to the (120), (121), and (220) planes 
of B-γ-CsPbI3 (represented as gPb in Fig. 3), respectively 
[54]. The XRD peaks observed at 2θ values

of 14.91°, 23.01°, 24.01°, 25.51°, 27.19°, 29.01°, 
32.47°, 42.15°, 45.09°, 51.49° and 54.67° are assigned 

 
Fig. 1. XRD patterns of the synthesized α-CsPbI3 nanostructures recorded (a) 50 days, and (b) 150 

days after synthesis. 

  

 
Fig. 2. The XRD pattern of the synthesized B-γ-CsSnI3 nanostructures recorded (a) 48 days, and 

(b) 151 days after synthesis. 

  

  Figure 1. XRD patterns of the synthesized α-CsPbI3 
nanostructures recorded (a) 50 days, and (b) 150 days after 

synthesis.

Figure 2. The XRD pattern of the synthesized B-(-CsSnI3 
nanostructures recorded (a) 48 days, and (b) 151 days after 

synthesis.
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to (101), (201), (211), (220), (122), (103), (242), (421), 
(440) and (423) planes of B-γ-CsSnI3 (represented as γSn 
in Fig. 3), respectively [49–52]. Dimesso et al. report the 
observation of orthorhombic B-g-CsSnI3 phase for the 
CsSn1-xPbxI3 powder annealed in nitrogen at 270 °C for 
8 hours, they also observed this phase in samples with 
a Pb composition range 0.0 £ x £ 0.1, and noted that 
the XRD pattern of samples with 𝑥≥0.3 resembled the 
orthorhombic phase very similar to that of the CsPbI3 
perovskite, synthesized by self-organization process in 
aqueous solutions [55]. Zhang et al. reported the synthesis 
of strongly confined CsSnxPb1-xI3 (CsSn0.09Pb0.91I3) quantum 
dots by room temperature colloidal synthesis [56]. The 
presence of CsI and PbI2 XRD peaks in the synthesized 
nanoparticles could be from either the incomplete 
conversion of the CsSnI3 or CsPbI3 precursors into CsSnI3 
and CsPbI3 perovskite nanoparticles, respectively, or from 
the decomposition of the CsPbI3 and CsSnI3 perovskite 
nanoparticles occurring gradually after the synthesis. The 
XRD pattern shown in Fig. 3 also indicates the long-term 
stability of the synthesized a-CsPbI3, g-CsPbI3, and g-CsSnI3 
nanostructures. The crystallite size of the synthesized 
nanostructures was calculated from the XRD pattern using 
Scherrer’s equation [57]. Scherrer’s equation is given by

kD
cos

=                              �    (1)

where l is the wavelength of the X-Ray radiation used 
for recording the XRD pattern (CuKa =0.15406 nm), β is 
FWHM (full width at half maximum) of the XRD peak in 
radians, θ is the Bragg angle of diffraction, D is crystallite 
size (nm), and k is a constant crystallite shape factor 
(which equals to 0.9). The crystallite size of the a-CsPbI3 
and B-g-CsSnI3 nanocrystals was calculated using the 

highest intensity (200) and (202) XRD peaks, respectively. 
The calculated crystallite sizes for the a-CsPbI3 and B-g-
CsSnI3 nanocrystals were found to be around 31 nm and 
28 nm, respectively. The d-spacing was calculated from 
the XRD data using Bragg’s law. The microstrain e was 
calculated using the relation [57].

4
hkl

tan
=          �                                              (2)

The lattice parameters for the cubic a-CsPbI3 were 
calculated using the relation 

2 2 2hkl
ad

h k l
=

+ +
                        �   (3)

We could not calculate the lattice parameters for the 
orthorhombic B-g-CsSnI3 due to the unavailability of the 
required crystallographic information file (CIF) of B-g-
CsSnI3. The d-spacing, full width at half maximum (FWHM), 
crystallite size D, and strain e calculated using the XRD 
pattern are shown in Table 1 and Table 2 for a-CsPbI3 and 
B-g-CsSnI3 nanostructures, respectively. The calculated 
crystallite sizes for the a-CsPbI3 using the highest intensity 
(200) XRD peak was found to be 31 nm. Over the aging time 
slight increase in FWHM, slight decrease in crystallite size, 
and a slight increase in microstrain e were observed. The 
calculated crystallite sizes for B-g-CsSnI3 nanostructures 
using the highest intensity (202) XRD peaks was found 
to be 28 nm. However, no noticeable changes in FWHM, 
D, and e values in the calculated data could be observed 
over the aging time in B-g-CsSnI3 nanostructures. The 
lattice parameter a for cubic a-CsPbI3 calculated using 
Bragg’s law with a d-spacing of 0.3138 nm for the (200) 
plane, is 0.6276 nm which agrees with the 0.624 to 0.626 
nm range reported in the literature [58].

 

Fig. 3. The XRD pattern of the CsPb1-xSnxI3 nanoparticles synthesized using equimolar ratios of 

PbI2 and SnI2 recorded: (a) 28 days, and (b) 122 days after synthesis. 

  

  Figure 3. The XRD pattern of the CsPb1-xSnxI3 nanoparticles synthesized using equimolar ratios of PbI2 and SnI2 recorded: (a) 28 
days, and (b) 122 days after synthesis.
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3.3 Fourier-Transform Infrared spectroscopy
Fig. 4 Shows the FTIR spectra of synthesized (a) 

CsPbI3, (b) CsSnI3, and (c) CsPbSnI3 nanostructures. The 
presence of the oleic acid and oleylamine surfactant on 
the synthesized perovskite CsPbI3, CsSnI3, and CsPbSnI3 
nanomaterials is confirmed by FTIR spectroscopy. In the 
FTIR spectra, IR absorption bands appeared around 2918 
cm-1 and 2851 cm-1, corresponding to the characteristic 
oleyl group of symmetric -CH2 stretching and asymmetric 
-CH2 stretching vibrations, respectively [59–63]. Therefore, 
the oleic acid and oleylamine ligands encapsulating the 
nanoparticles remain intact. The scissoring mode of the 
CH2 group gives rise to a characteristic band near 1465 
cm−1 in IR [61,62]. The peak at around 1568 cm-1 may be 
due to the C=O bond stretching [63].

3.4 Field effect scanning electron microscopy (FESEM)
Fig. 5(a) shows the FESEM images of the a-CsPbI3 nano-

rod-like structures with lengths on the order of several 
micrometres. Fig. 5(b) shows the EDX spectrum of the 
synthesized a-CsPbI3 nanostructures, which displays the 
presence of Cs, Pb, and I elements and the compositions 
of elements in the synthesized nanostructures. Fig. 6(a) 
presents FESEM images of the B-g-CsSnI3 nanostructures 
presenting the growth of nanorods and 2D nanoplates. 
The EDX spectrum in Fig. 6(b) confirms the presence of 
Cs, Sn, and I elements within the synthesized γ-CsSnI3. 
The FESEM images of the intended CsPb0.5Sn0.5I3 
nanostructures shown in Fig. 7(a) indicate the growth 
of nanowires/nanorods and irregularly shaped 2D 
nanoplatelets. Fig. 7(b) shows the EDX spectrum of the 

Table 1. CsPbI3 nanostructure parameters from XRD pattern. 
 

50 days from the synthesis 

(hkl) 2θ d (nm) FWHM (2θ) D (nm) ε (×10-3) 

(200) 28.41 0.3138 0.25 31.1 4.26 

150 days from the synthesis 

(200) 28.39 0.3142 0.28 28.8 4.91 

 
  
Table 2. CsSnI3 nanostructure parameters from XRD pattern. 
 

48 days from the synthesis 

(hkl) 2θ d (nm) FWHM (2θ) D (nm) ε (×10-3) 

(202) 29.01 0.3074 0.29 28.1 4.92 

151 days from the synthesis 

(202) 29.01 0.3075 0.29 28.1 4.92 
 
 

Table 1. CsPbI3 nanostructure parameters from XRD pattern.

Table 2. CsSnI3 nanostructure parameters from XRD pattern.

 

Fig. 4. FTIR spectra of synthesized: (a) CsPbI3, (b) CsSnI3, and (c) CsPbSnI3 nanostructures. 

  

  Figure 4. FTIR spectra of synthesized: (a) CsPbI3, (b) CsSnI3, and (c) CsPbSnI3 nanostructures.
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Fig. 5. (a) FESEM image and (b) EDX spectrum of α-CsPbI3 nanostructures 

  

  Figure 5. (a) FESEM image and (b) EDX spectrum of (-CsPbI3 
nanostructures

 

 
Fig. 6. (a) FESEM image and (b) EDX spectrum of γ-CsSnI3 nanostructures. 

  

  Figure 6. (a) FESEM image and (b) EDX spectrum of γ-CsSnI3 
nanostructures.

 

  

Fig. 7. (a) FESEM image and (b) EDX spectrum of CsPb1-xSnxI3 nanostructures. 

  

 
Fig. 8. UV-visible absorption spectra of CsPbI3 nanomaterials recorded (a) 7, (b) 100, (c) 134, 

and (d) 151 days after synthesis. 

  

  Figure 7. (a) FESEM image and (b) EDX spectrum of CsPb1-x 
SnxI3 nanostructures.

  Figure 8. UV-visible absorption spectra of CsPbI3 
nanomaterials recorded (a) 7, (b) 100, (c) 134, and (d) 151 days 

after synthesis.

synthesized CsPb0.5Sn0.5I3, confirming the presence of Cs, 
Pb, Sn, and I and the compositions of elements in the 
synthesized nanostructures. The elemental compositions 
obtained from the EDX spectra further confirms the 
successful synthesis of CsPbI3 and CsSnI3 nanostructures.  

3.5 UV-visible absorption spectroscopy 
The synthesized nanostructures were dispersed in 

ethanol and placed in a cuvette for UV-visible optical 
absorption measurements. Fig. 8(a) – 8(c) show the UV-
visible absorption spectra of the CsPbI3 nanostructures 
recorded 7 days, 100 days, and 149 days after the 
synthesis, respectively. The appearance of an absorption 
peak at around 666 nm in the optical absorption 
spectrum of the CsPbI3 nanostructures recorded 7 
days after the synthesis, shown in Fig. 8(a), may be 
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due to the formation of excitons in the synthesized 
a-CsPbI3 nanostructures [21,29,41]. Exciton formation 
in semiconductor nanostructures often results in a 
significant increase in optical absorption just below the 
band gap energy [64]. There are many reports on the 
observation of excitonic-related absorbance peak in the 
cesium lead/tin halide perovskite nanostructures [1], 
such as reports of Protesescu et al. in the absorption 
spectra of 5 - 12 nm CsPbBr3 nanocrystals [9], Swarnkar 
et al. in CsPbI3 QDs [21], and Chung et al. in B-g-
CsSnI3 nanocrystals [28]. Similar observations have 
been reported in various CsPbX₃ systems, including 
cubic CsPbI3 nanorods by Wen et al. [27], thin film 
CsPbI3 deposited on FTO glass by Waleed et al. [41], 
and CsPbBr3 nanocrystals Zhai et al. [65]. The optical 
absorption observed in the wavelength range £ 300 nm 
could be due to the oleic acid surfactant coating on the 

 
Fig. 9. UV-visible optical absorption spectrum of oleic acid. 

  

 

Fig. 10. Tauc plots of UV-visible absorption data of CsPbI3 nanoparticles recorded (a) 7, (b) 
100, (c) 134, and (d) 151 days after synthesis. 

  

 
Fig. 11. UV-visible absorption spectra of CsSnI3 nanomaterials recorded (a) 6, (b) 125, and (c) 

141 days after synthesis. 

  

 

Fig. 12. Tauc’s plots of UV-visible absorption data of CsSnI3 nanoparticles recorded (a) 6, (b) 
125, and (c) 141 days after synthesis. 

  

 

Fig. 13. UV-visible absorption spectra of CsPbI3/CsSnI3 nanomaterials recorded (a) 7, (b) 102, 
and (c) 119 days after synthesis. 

Figure 9. UV-visible optical absorption spectrum of oleic acid.

Figure 10. Tauc plots of UV-visible absorption data of CsPbI3 
nanoparticles recorded (a) 7, (b) 100, (c) 134, and (d) 151 days 

after synthesis.

Figure 11. UV-visible absorption spectra of CsSnI3 nanomaterials 
recorded (a) 6, (b) 125, and (c) 141 days after synthesis.

Figure 12. Tauc’s plots of UV-visible absorption data of CsSnI3 
nanoparticles recorded (a) 6, (b) 125, and (c) 141 days after 

synthesis.

Figure 13. UV-visible absorption spectra of CsPbI3/CsSnI3 
nanomaterials recorded (a) 7, (b) 102, and (c) 119 days after 

synthesis.
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nanomaterials [60]. To confirm the origin of this feature, 
the UV-visible spectrum of pure oleic acid (0.1 mL in 
3.5 mL ethanol) was recorded (Fig. 9), which shows the 
strong oleic acid-related optical absorption below 300 
nm wavelength.  The band gap energy of the synthesized 
inorganic metal iodide perovskites was obtained from 
Tauc plots of UV-visible absorption data using the Tauc’s 
equation ( ) ( )1/n

ghv A hv E= −   where A is a constant, a is 
optical absorption coefficient, h is the Planck’s constant, 
n is the frequency of the light source used in the optical 
absorption measurement, and the constant factor n = 2  
for the allowed optical transition in direct band gap 
semiconductors [66]. Fig. 10(a) to 10(c) show the Tauc’s 
plots of the above UV-visible optical absorption spectra. 
The excitonic absorption band gap energy of CsPbI3 can 
be calculated directly from the excitonic absorption 
peak wavelength 666 nm shown in Fig. 8(a) or obtained 
directly from the excitonic peak energy from the 
corresponding Tauc’s plot shown in Fig. 10(a) and was 
found to be 1.86 eV for the synthesised a-CsPbI3. The 
obtained excitonic absorption energy is much larger 
than the bulk band gap energy (1.73 eV), indicating 
the manifestation of strong quantum confinement in 
the synthesized a-CsPbI3 nanostructures. Fig. 10(b) 
and 10(c) show the Tauc’s plots of the UV-visible 
absorption data recorded 100 and 151 days after 
synthesis, and the energy band gaps were found to 
be 1.98 eV and 2.03 eV, respectively. The observed 
blue shift in the energy band gap with aging of the 
synthesized samples reflects a gradual decrease in the 
excitonic optical absorption. However, the quantum 
confinement-induced enhancement of the band gap 
over the bulk value appears to remain unchanged. 
As of now, we are unable to explain the reason for 
the suppression of excitonic optical absorption with 
aging of the sample, even though the size-dependent 
quantum confinement effect is clearly present in the 
synthesized 𝛼-CsPbI3 nanostructures. Fig. 11(a) and 
11(b) show the UV-visible absorption spectra of the 
synthesized CsSnI3 of nanostructures recorded after 
6 and 141 days from the synthesis, respectively. The 
small peak at the absorption edge of the spectrum 
shown in Fig. 11(a) also indicates the exciton formation 
in the synthesized B-g-CsSnI3 nanostructure. Chung et 
al. also reported similar exciton-related absorption in 
CsSnI3 nanocrystals [28]. Fig. 12(a) and 12(b) show the 
Tauc’s plots of the corresponding absorption spectra, 
respectively. The corresponding energy band gaps 
estimated from the Tauc’s plots are found to be 1.64 
eV and 1.75 eV, respectively. The observed blue shift 
in band gap with an increase in storage time may be 
explained by the same argument as discussed above 
for the a-CsPbI3 nanomaterials. As shown in Fig. 13(a) 
and 13(b), the UV-visible absorption spectra of the 
synthesized CsPbSnI3 nanostructures recorded after 
7 days and 119 days of the synthesis, respectively, 
are dominated by optical absorption peaks attributed 
to oleic acid. No characteristic absorptions feature 
corresponding to a-CsPbI3, g-CsPbI3, or g-CsSnI3 were 
observed for the samples synthesized for CsPb0.5Sn0.5I3. 

4. Conclusion

The synthesis of CsPbI₃, CsSnI₃, and CsPb₀.₅Sn₀.₅I₃ 
nanostructures was carried out using the hydrothermal 
method. The hydrothermal synthesis of CsPbI₃ and CsSnI₃ 
resulted in the formation of long-term stable α-CsPbI₃ 
and B-γ-CsSnI₃ phase nanostructures, respectively, as 
confirmed by powder XRD measurements. The synthesized 
α-CsPbI₃ and B-γ-CsSnI₃ phase nanostructures were found 
to have much longer ambient stability compared to the 
previous reports in the literature. The long-term stability 
of the hydrothermally synthesized nanostructures may be 
due to the nanoscale morphologies. Since we have carried 
out the synthesis at only one growth temperature as 
discussed in the manuscript, it may be difficult to analyse 
the synthesis conditions which led to the long-term 
stability of the synthesized nanomaterials in this work. The 
intended synthesis of CsPb₀.₅Sn₀.₅I₃ nanostructures led to 
the formation of stable α-CsPbI₃, B-γ-CsPbI₃, and B-γ-CsSnI₃ 
phases. FESEM images of CsPbI₃ revealed the growth of 
nanorod-like structures with lengths of a few micrometers. 
In the case of CsSnI₃ nanostructures, FESEM images 
showed the formation of both nanorods and nanoplatelets. 
Similarly, FESEM images of the intended CsPb₀.₅Sn₀.₅I₃ 
nanostructures exhibited a mixture of nanorods/nanowires 
and nanoplatelets. The UV-visible absorption spectrum of 
α-CsPbI₃, measured seven days after synthesis, displayed 
a pronounced exciton-related absorption peak. A similar 
excitonic feature was also observed in the UV-visible 
absorption spectrum of the B-γ-CsSnI₃ nanostructures. 
The optical band gaps of the synthesized α-CsPbI₃ and 
B-γ-CsSnI₃, determined using Tauc plots, indicate the 
presence of quantum size effects in both nanostructures. 
Characteristic UV-visible absorption features related to 
oleic acid were observed in all synthesized nanostructures.
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