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1. Introduction

Metal halide perovskite nanocrystals (NCs) 
with lead (Pb2+)[1,2] as the divalent cation, 
are attractive systems for applications 
such as photovoltaics,[3] light emission and 
detection,[4,5] lasing,[5] and water-splitting[6] 
because of their size and morphology tun-
ability, enhanced optical properties, and 
chemical stability. However, when lead is 
replaced by less toxic[7,8] divalent metals, 
such as Sn2+,[9,10–12,13] the resulting NCs are 
reported to suffer from poor chemical sta-
bility, lack of tunability, and less appealing 
optical properties. In contrast, bulk[14,15,16] 
and thin films[17] of Sn halide perovskites 
have evolved strongly since they were 
first explored more than fifty years ago.[18] 
Their improved performance in photo-
voltaics results from successful stabiliza-
tion of the active layer by using additives 
(such as SnF2

[19] and ionic liquids[20]) or 
by switching from 3D structures to 2D 
hybrid perovskites (Dion–Jacobson[8,21] 
and Ruddlesden–Popper (RP)[22,23]). The 
stability reinforcements obtained in bulk 
materials cannot be simply translated 

to the nanoscale because of two main challenges: i) the high 
surface-to-volume ratio for NCs below L1 = 10 nm (where L1 is 
the smallest lateral size of the cuboid), which causes Sn2+ to 
Sn4+ oxidation for a large percentage of the metal ions, and ii) 
the existence of polymorphs with optical bandgaps differing 
by as much as 1.25  eV[15,16] (i.e., the highly conductive black 
cubic phase (Pm3m) with strong photoluminescence (PL), the 
γ-orthorhombic phase (Pnma) and the nonconductive yellow 
orthorhombic phase (Pnma)).[15,16,24]

Reports on synthesis and surface chemistry of CsSnX3 NCs 
are scarce.[9,10–12] Those few existing cite Sn2+ and I– precursors 
such as SnX2,[9,10] (X = Cl−, Br−, I−), Sn-oxalates,[11] trimethylsilyl 
iodide,[10,25] and common ligands (oleylamine (OLA), oleic acid 
(OA), octylphospine) used in a standard hot-injection method. 
However, the overall stability and performance of the obtained 
NCs are clearly behind those of the Pb-based analogues. While 
the more oxidative character of Sn2+ is widely recognized, the 
kinetic parameters involved in the nucleation and growth of 
the nanostructures are not yet well determined. Therefore, it is 

Lead halide perovskite nanocrystals are highly attractive for next-generation 
optoelectronics because they are easy to synthesize and offer great composi-
tional and morphological tunability. However, the replacement of lead by tin 
for sustainability reasons is hampered by the unstable nature of Sn2+ oxida-
tion state and by an insufficient understanding of the chemical processes 
involved in the synthesis. Here, an optimized synthetic route is demon-
strated to obtain stable, tunable, and monodisperse CsSnI3 nanocrystals, 
exhibiting well-defined excitonic peaks. Similar to lead halide perovskites, 
these nanocrystals are prepared by combining a precursor mixture of SnI2, 
oleylamine, and oleic acid, with a Cs-oleate precursor. Among the products, 
nanocrystals with 10 nm lateral size in the γ-orthorhombic phase prove to 
be the most stable. To achieve such stability, an excess of precursor SnI2 as 
well as substoichiometric Sn:ligand ratios are key. Structural, compositional, 
and optical investigations complemented by first-principle density func-
tional theory calculations confirm that nanocrystal nucleation and growth 
follow the formation of (R-NH3

+)2SnI4 nanosheets, with R = C18H35. Under 
specific synthetic conditions, stable mixtures of 3D nanocrystals CsSnI3 and 
2D nanosheets (Ruddlesden–Popper (R-NH3

+)2Csn−1SnnI3n+1 with n > 1) are 
obtained. These results set a path to exploiting the high potential of Sn halide 
perovskite nanocrystals for opto-electronic applications.
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imperative to rationalize the synthetic steps and identify inter-
mediate compounds when moving to other metals than lead in 
halide perovskites. The chemical composition and stability of 
the Sn halide perovskite nanostructures will evince enhanced 
sensitivity to chemical strategies considering the ionic character 
of the tin halide perovskites, the solubility differences and elec-
tron affinity changes from one divalent cation to another.

Herein, we present a general route to obtain tunable and 
stable CsSnI3 perovskite NCs alone or coexisting with 2D 
hybrid-perovskite RP nanostructures ((R-NH3

+)2Csn−1SnnI3n+1, 
R = C18H35) depending on the main synthetic parameters. The 
discussion is supported by density functional theory (DFT) 
calculations for the electronic parameters of the CsSnI3 and 
(R-NH3

+)2Csn−1SnnI3n+1 structures and their stability. Their 
morphologies and compositions are clarified using X-ray dif-
fraction and scattering techniques, scanning transmission 
electron microscopy (STEM), solid-state NMR (ssNMR) and 
elemental analysis, complemented by optical methods. More-
over, we demonstrate the composition and structural dynamics 
starting from (R-NH3

+)2SnI4 (n = 1) to 3D CsSnI3 NCs or to 2D 
(R-NH3

+)2Csn−1SnnI3n+1 (n > 1) nanosheets.

2. Results and Discussion

Our chemical design follows the one previously proposed by 
reports on the synthesis of lead halide perovskite NCs.[1,26] A 
supersaturated solution of a SnI2/OLA/OA mixture in octa-
decene is exposed to high temperatures (T  > 160  °C), and 
immediately, the Cs-oleate precursor is injected. The NCs are 
allowed to grow for a few seconds to one minute to reach their 
thermodynamically more stable structure and morphology. 
Using this methodology, we successfully synthesized cuboid 
structures (with the larger lateral dimension L1  = L2  + 2  nm, 
Figure 1b) with a black γ-orthorhombic Pnma phase (abbrevi-
ated to B-γ, Figure 1). The L1 of these cuboids is 10 nm as meas-
ured by STEM-high-angle annular dark-field (STEM-HAADF) 
(Figure  1d–f, Figure S1, Supporting Information) and con-
firmed by solution small-angle X-ray scattering (SAXS) analysis 
(Figure 2a, green circles, Figure S2, Supporting Information).

The main deviations from the lead halide perovskite NCs 
procedures are a much higher concentration of the SnI2 and a 
substoichiometric ligands supply. These changes were under-
taken because of the slightly higher hardness of the Sn2+ acid 
(according to HSAB theory),[27] implying that the latter dis-
plays a higher reactivity with hard bases (such as R-COO− or 
R-NH2). The increased Lewis acid character[28] of Sn2+ promotes 
the formation of complexes with the added bases in the crude 
mixture.[29] In general, the solubility of the Sn2+ halide salts in 
various polar solvents were already reported to be higher that of 
Pb2+ ones.[30]

Thus, to preserve the stability of the obtained CsSnI3 NCs 
and prevent their reversible reaction that yields mainly CsI, 
SnI2, and oleates as byproducts, the concentration of SnI2 
was set higher than 0.1 m while maintaining a precise ratio of 
Sn:OLA:OA (1:1:1). Smaller NCs (lateral size L1 = 6 nm) can be 
obtained via a similar procedure and by applying size selection 
on the final crude mixture (Figure 2a, blue circles; Figure S3a–c, 
Supporting Information for the procedure). NCs with L1 = 6 nm 

could not be stabilized for more than an hour. Moreover, NCs 
with L1 < 6 nm were not observed in any synthetic procedure 
explored here.

To investigate the reason for their instability, we simulated 
CsSnI3 NCs in a cluster approximation by replicating the unit 
cell of black CsSnI3 polymorphs in the three space directions 
and with charge neutrality conditions (see Section SIV, Sup-
porting Information for computational details). After geometry 
relaxation of a medium-size CsSnI3 NC of 3.5 nm at the PBEsol 
level, the minimum-energy structure indicates that α-, β- and 
γ-CsSnI3 NCs evolve to a disordered disposition with octahedral 
tilting and rotations resembling the γ-orthorhombic phase. In 
fact, relative stability calculations demonstrate that the opti-
mized NC geometry coming from γ-phase is the most stable 
structure (Figure S4, Supporting Information), thus supporting 
the experimental evidence. Otherwise, DFT calculations point to 
a progressive stabilization of the system upon increasing the NC 
size, suggesting a stability plateau around 6−8 nm (Figures S5 
and S6). This result is in good accordance with the smallest 
NC population achieved experimentally (L1 = 6 nm) and could 
explain the limited range of sizes obtainable for CsSnI3 NCs.

The stoichiometry of the NCs was analyzed by using STEM 
combined with energy-dispersive X-ray analysis (EDX in so-
called spectrum-imaging mode, Figure  1g–j), X-ray photo-
electron spectroscopy (XPS), and X-ray fuorescence (XRF). 
We observed an excess of Sn and I in the CsSnI3 NCs, which 
increases with decreasing the NC size (Tables S1a–c, Figure S7, 
Supporting Information). We conclude that the surface of the 
NCs is terminated predominantly with Sn-oleate and oleylam-
monium iodide ((R-NH3

+)I–). Moreover, we noted that, while 
taking great care to avoid contact with air when preparing the 
samples for XPS measurements, the smaller NCs (L1 = 6 nm) 
are prone to faster surface oxidation compared to the larger 
ones (L1 = 10 nm) since a ratio of Sn2+:Sn4+ = 4:1 was found for 
the smaller NCs (Figure S7, Supporting Information).

To further understand the mechanistic processes involved 
during the formation of the CsSnI3 NCs, we varied the Cs:Sn 
ratio from 1:6 to 3:1 and calculated the possibility of CsSnI3 
NCs to be formed while taking into account other byproducts 
(Figure 3a). Then we compared those results with our experi-
mental data (Figure 3b,c). This detailed study of the influence 
of the Cs:Sn ratio already reveals an important outcome: theo-
retically, when Sn2+ is in high excess in the precursor mixture 
(Cs:Sn = 1:6, 1:3 or 1:2), no extra Cs+ is obtained together with 
the CsSnI3 NCs if we consider a total transformation. In this 
case, only Sn2+ and I− are left in the final reaction mixture 
together with the remaining ligands (Figure  3b, Cs:Sn = 1:3 
case). The experiments indeed confirmed that using SnI2 in 
high excess always yields stable CsSnI3 NCs with a PL peak at 
714 nm (1.76 eV) (Figure 3c). Furthermore, the elemental anal-
ysis shows that for CsSnI3 NCs [Cs]:[Sn] <  1, thus confirming 
the theoretical assumptions, and that extra Sn2+ and I− are 
needed to stabilize the particles.

In addition, one can also expect the formation of the 
(R-NH3

+)2SnI4 from the remaining byproducts. To verify if those 
structures are stable while using the R-NH3

+ as a monovalent 
cation, we performed control reactions where we excluded the 
injections of Cs-oleate while maintaining the rest of the reac-
tion parameters precisely constant. We indeed obtained stable 
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(R-NH3
+)2SnI4 with a PL peak at 635  nm (1.95  eV, Figure S8, 

Supporting Information) and showing a clear ssNMR signa-
ture for 119Sn at −180.5  ppm (Figure S9, Supporting Informa-
tion). The SAXS analysis (Figure  2b) and the low-angle XRD 
measurements confirm the presence of the 2D nanosheets 
(Figure S10, Supporting Information). This control experiment 
is the first indication that the formation of the 3D CsSnI3 NCs 
starts from a (R-NH3

+)2SnI4 ensemble.
After finding that 2D RP Sn-halide perovskite structures can 

be obtained when the precursor mixture contains a high excess 
of Sn2+, we analyzed the other extreme of Cs:Sn ratios, where 
Cs is in excess. In this case, in addition to the CsSnI3 NCs, we 
also expect to obtain Cs-oleate and other byproducts, such as 
Sn-oleate and R-NH3

+I− (if we consider that the transforma-
tion of SnI2 into CsSnI3 is not 100% favorable). With that in 
mind, we hypothesized that the formation of the 2D perovskite 

structures (R-NH3
+)2Csn−1SnnI3n+1 with n > 1 is plausible. At the 

intermediate concentration (Cs:Sn = 1:1.5 and 1:2), an equilib-
rium between the 3D and 2D perovskites is expected, and can 
be also reproduced experimentally as evident from two emit-
ting populations in the PL spectra (Figure 3b,c). For the specific 
case, when the ratio of Cs:Sn = 1:1, our experimental results 
(Figure  3b,c) reveal a broad emission obtained at 812  nm 
(1.53  eV), with final products not stable enough for further 
characterization.

Conjointly, Cs:Sn = 1:2 and Sn:OLA:OA = 1:2:2 can result 
in the formation of both 3D CsSnI3 NCs (L1 = 10 nm cuboids 
NCs) and 2D (R-NH3

+)2Csn−1SnnI3n+1 nanosheets, with n  > 1 
(Figure  2b,e–g, Figure S3d–f, Supporting Information). For 
other Cs:Sn ratios than the ones mentioned above, no stable 
materials were obtained (Figure S11, Supporting Information), 
and we identified the presence of CsI in the resulting products.

Adv. Mater. 2022, 2201353

Figure 1. a,b) Schematics of the crystal structure (a) and cuboid nanocrystals (b) of the B-γ CsSnI3 phase (Pnma). c) Powder X-ray diffraction pattern of 
L1 = 10 nm B-γ CsSnI3 nanocrystals (black) with the reference[15] for the B-γ CsSnI3 (green). d,e) STEM-HAADF images of 10 nm B-γ CsSnI3 nanocrystals 
with fast Fourier transform (FFT) pattern in the inset. f) High-resolution STEM-HAADF image with a lattice distance, d = 6.2 Å corresponding to the 
[002] plane. h–j) STEM-EDX elemental mapping for the image area depicted in g) with the distribution of Cs (red) (h), Sn (green) (i), and I (blue) (j).
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Our studies also revealed that temperature and reaction time 
do not affect the final product’s composition, but only its col-
loidal stability (Figure S12, Supporting Information). On the 
other hand, the ligand ratios play a crucial role in the stability 
of the final NCs. We found that the Sn:OLA:OA ratios must be 
kept substoichiometric (Figure S13, Supporting Information) to 
prevent decomposition of the CsSnI3 NCs over the course of 
time. The reason is that, if the Sn:ligands ratio is >2 with Cs:Sn 
= 1:3, when quenched with ice-water, the reaction reverts to a 
white turbid solution within minutes after reaching room tem-
perature. This reaction mixture nucleates again at higher tem-
peratures, and the process can be repeated for multiple cycles.

Next, we compared the structural dynamics between 3D 
CsSnI3 NCs and 2D (R-NH3

+)2Csn−1SnnI3n+1. The formation 
of the CsSnI3 with L1 = 6 and 10 nm (Figure 2a,c,d) was con-
firmed by SAXS and STEM measurements. The presence of 
2D (R-NH3

+)2SnI4 in the control reaction (Figure 2c), indicated 
that the growth of the 3D CsSnI3 NCs starts from those Cs-
free 2D structures. (R-NH3

+)2SnI4 perovskites have a 4.24  nm 
interlayer distance (Figure  2b, black plot, and Figure S10) in 
good agreement with the presence of long-chain oleylammo-
nium cations. Depending on the Cs:Sn:ligands ratios, CsSnI3 
NCs or CsSnI3 NCs together with (R-NH3

+)2Csn−1SnnI3n+1, 
n > 1 were synthesized as summarized below. For Cs:Sn = 1:3 

we obtained stable and clean 3D CsSnI3 perovskite NCs (L1 = 6  
and 10  nm) with minimal 2D components (Figure  2a). If the 
2D perovskites were present in those cases (which depended on 
the washing procedure, see Sections S1.1 and S1.2, Supporting 
Information), they only formed as n = 1 (as shown by ssNMR, 
Figure S10b). For Cs:Sn = 1:2, 2D perovskites with nanosheet 
morphology were observed together with CsSnI3 NCs with 
L1 = 10 nm (Figure 2b,e,f). The distance between the inorganic 
layers was 4.58  nm, indicating more interconnected bent cis-
oleylammonium chains than in (R-NH3

+)2SnI4. SsNMR showed 
an additional peak at −242.5 ppm in this case, while the peak 
corresponding to n  = 1 was reduced in intensity (Figure S9a, 
Supporting Information). Note that we identified structural 
dynamics between (R-NH3

+)2Csn−1SnnI3n+1 with n = 1 and n > 1 
induced by spinning the sample during the ssNMR measure-
ments, which indicated an overall instability of the 2D species 
under unusual conditions.

The confinement of the 2D perovskite with the structure 
(R-NH3

+)2Csn−1SnnI3n+1 was analyzed using DFT by means of 
interlayer separation (dsep) and octahedra layer stack screening. 
Layered models coming from a cubic phase, with no octahedral 
tilting, as well as tetragonal and orthorhombic phases, with 
octahedral tilting, were considered. Theoretical calculations 
at the HSE06 level (see the Supporting Information) indicate 

Adv. Mater. 2022, 2201353

Figure 2. a) SAXS profiles for the L1 = 6 nm (blue) and L1 = 10 nm (green) B-γ CsSnI3 nanocrystals. Insets are schematic representations of the struc-
tures. b) SAXS profiles for the L1 = 10 nm CsSnI3 nanocrystals + (R-NH3

+)2Csn−1SnnI3n+1) (red) compared with (R-NH3
+)2SnI4 control product. Insets 

are schematic representations of the structures. The continuous lines are fits of the data using opportune analytical geometrical models. c,d) STEM-
HAADF images of L1 = 6 and 10 nm B-γ CsSnI3 nanocrystals. e–g) STEM-HAADF images of L1 = 10 nm CsSnI3 nanocrystals + (R-NH3

+)2Csn−1SnnI3n+1 
with areas containing nanocuboids and nanosheets.
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that the interlayer distance only negligibly affects the bandgap, 
suggesting that there is no significant impact on the electronic 
structure of the NC if the organic ligand length is varied, even 
when going to values as small as dsep = 15 Å (Figure S14, Sup-
porting Information). The 2D sheet with γ-like tilting was 

found to be the most stable structure (Table S2, Supporting 
Information), with a bandgap of 1.95  eV, in good accord with 
that registered experimentally and prior reports.[22,31] Increasing 
the thickness of the sheet by incorporating additional layers 
of SnI6

4− octahedra (n) leads to a progressive reduction of the 
bandgap: from 1.95 eV with n = 1 to 1.32 eV with n = 4 for 2D 
γ-CsSnI3, thus approaching the bulk limit (Table S3, Figure S15, 
Supporting Information).

The optical properties of the CsSnI3 NCs (Figure 4) with 
lateral sizes L1  = 6 and 10  nm revealed PL peaks at 606  nm 
(2.05  eV, FWHM = 0.08  eV) and 714  nm (1.74  eV, FWHM = 
0.1  eV), respectively, with PL quantum yields (PLQY) between 
1% and 5%. The excitonic absorption peaks are well defined 
at 590  nm (2.1  eV) and 705  nm (1.76  eV), respectively, indi-
cating a narrow size distribution of the NCs in each case. 
The samples containing NCs with L1  = 10  nm and 2D 
(R-NH3

+)2Csn−1SnnI3n+1 nanosheets with n > 1 showed a broader 
absorption feature (812  nm, 1.53  eV) and an emission peak 
at 825 nm, with FHWM = 0.08 eV  (Figure 4a,b). For a proper 
comparison, we synthesized CsSnI3 bulk powder following the 
method of Chung et al.,[15] and obtained pure material with B-γ 
orthorhombic crystal structure, a 119Sn NMR peak at −152 ppm 
(Figure S16a,b, Supporting Information), and a bandgap of 
1.25 eV (Figure S16c, Supporting Information).

DFT calculations predict an exponential decay of the bandgap 
upon increasing the NC size (Figure S6, Supporting Informa-
tion) and asymptotic convergence to the bulk limit (≈1.3  eV). 
Since the extent of quantum size confinement depends on the 
exciton Bohr radius of the material, we applied the effective 
mass approximation (EMA)[32] to calculate the effective diam-
eter for the Wannier–Mott exciton (dB) and the corresponding 
exciton binding energy (Eb) in CsSnI3, and found dB = 4.4 nm 
and Eb  = 73 meV for γ-CsSnI3 (see Section SIV and Table S4, 
Supporting Information). Similarly, small binding energies 
in the range of 20–80 meV have been reported in related lead 
halide perovskites.[1,33] The confinement effect on the bandgap 
can then be estimated as in a spherical potential well of radius 
r according to ΔEgap = ℏ2π2/(2μr2), where μ is the reduced mass 
of the exciton. These bandgaps values correlate well with the 
experimental data (Figure S17, Supporting Information) and 
support the blue shift of the emission peak found in γ-CsSnI3 
for decreasing NC sizes (Figure 4b).

To track the photogenerated carriers in the Sn-based perov-
skite nanostructures, we performed time-resolved photolumi-
nescence (TRPL) spectroscopy (Figure  4c). The lifetime decay 
was fitted with a bi-exponential function, indicating two decay 
channels. The pure NCs (L1  = 6 and 10  nm) showed largely 
similar decay times with a significant contribution from the 
faster component, while for mixed L1  = 10  nm and the 2D 
(R-NH3

+)2Csn−1SnnI3n+1 nanosheets with n > 1, the slower com-
ponent contributed more strongly (Table S5, Supporting Infor-
mation). The inset of Figure 4c shows the evolution of the PL 
spectra at short delay times after the initial photoexcitation for 
the mixture of 3D NCs and 2D Sn perovskites nanosheets. The 
disappearance of the high energy tail in favor of a PL peak at 
850 nm testifies to a fast energy transfer from the nanocrystals 
to the nanosheet.

The stability of the Sn-halide perovskite NCs was studied 
by analyzing their colloidal, chemical and optical behavior. 

Adv. Mater. 2022, 2201353

Figure 3. a) Representation of the theoretical ratio of final products 
versus Cs as a function of the Cs+:Sn2+ precursor ratio as calculated from 
the chemical reaction. b) Reaction scheme based on our experimental 
results for different ratios of Cs+:Sn2+. c) Experimental PL spectra and 
PL peak evolution for products obtained with different ratios of Cs+:Sn2+ 
precursors.
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Successive dilution experiments showed that there is no signifi-
cant blue- or redshift in absorbance (<2 nm) and PL (<6 nm); 
therefore, minimal aggregation-induced self-absorption is 
observed (Figure S18, Supporting Information). Moreover, this 
also indicates excellent colloidal stability in various concen-
trations; the preferred storage concentration was found to be 
10 mg mL−1. The optical and colloidal stability was preserved for 
NCs kept in an inert atmosphere for more than eight months 
as demonstrated by the optical measurements (Figure S19, 
Supporting Information) and STEM images (Figure S20, Sup-
porting Information). In previous reports,[9–11] the stability for 
similar NCs has been measured up to two months and the 
PLQY found to be below 1%. Drop-cast thin films prepared 
and studied in moisture and air free conditions showed good 
stability as seen from the absorbance measurements over time 
(Figure S21, Supporting Information). Even if the excitonic 
peak of the NCs is retained in the thin films for at least 15 days 
(Figure S21, Supporting Information), we noticed a relatively 
fast PL degradation (initial FWHM = 0.083  eV, after three 
days FWHM = 0.402  eV, pointing to localized merging of the 
cuboids due to the surface reconstruction and ligand removal. 
When CsSnI3 NCs were exposed to air, their PL decayed in ≈1 h 
for solutions and 20  min for films. As expected, Cs2SnI6 was 
the main product in the decomposed materials (Figure S22, 
Supporting Information).

3. Conclusions

We have demonstrated that rational chemical design for syn-
thesizing Sn halide perovskite nanostructures leads to stable 
CsSnI3 NCs that are tunable in size, and optically active. Com-
bining optical and structural characterization (STEM, ssNMR, 
SAXS, and XPS) with DFT computations, we were able to 

identify the presence of 2D nanosheets RP perovskites with 
R-NH3

+. The synthetic routes toward fully inorganic 3D NCs or 
a mixture of 3D CsSnI3 NCs and 2D RP perovskite nanosheets 
were demonstrated by varying the precursors ratios, high-
lighting the importance of the excess of SnI2 compared to Cs+ 
in order to guide the system toward the desired final compo-
sition, structure and morphology. 2D (R-NH3

+)2SnI4 struc-
tures were identified as forming in the early growth stage of 
our explored syntheses. Importantly, substoichiometric ligands 
amounts are needed for the increased stability of the obtained 
NCs, and an excess of tin iodide complements this goal. The 
well-defined optical properties of the stable CsSnI3 NCs with 
a lateral size of 10  nm, a bandgap of 1.76  eV and emission at 
714 nm demonstrate the high potential of Sn halide perovskite 
NCs for opto-electronic applications. Efforts should now con-
centrate on understanding the surface chemistry and the carrier 
relaxation pathways to further increase the optical performance.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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