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Colette Lebrun,∇,¶ Fred́eŕic Chandezon,†,‡,§ Dmitry Aldakov,†,‡,§ and Peter Reiss*,†,‡,§

†Univ. Grenoble Alpes, INAC-SPrAM, F-38054 Grenoble Cedex 9, France
‡CNRS, SPrAM, F-38054 Grenoble Cedex 9, France
§CEA, INAC-SPrAM, F-38054 Grenoble Cedex 9, France
∥Univ. Grenoble Alpes, INAC-SP2M, F-38054 Grenoble Cedex 9, France
⊥CEA INAC-SP2M, F-38054 Grenoble Cedex 9, France
#Department of Materials Science and Engineering, University of Illinois, Urbana−Champaign, Urbana, Illinois 61801, United States
∇Univ. Grenoble Alpes, INAC-SCIB, F-38054 Grenoble Cedex 9, France
¶CEA INAC-SCIB, F-38054 Grenoble Cedex 9, France

*S Supporting Information

ABSTRACT: Tin sulfide nanoparticles have a great potential
for use in a broad range of applications related to solar energy
conversion (photovoltaics, photocatalysis), electrochemical
energy storage, and thermoelectrics. The development of
chemical synthesis methods allowing for the precise control of
size, shape, composition, and crystalline phase is essential. We
present a novel approach giving access to monodisperse square
SnS nanoplatelets, whose dimensions can be adjusted in the
range of 4−15 nm (thickness) and 15−100 nm (edge length). Their growth occurs via controlled assembly of initially formed
polyhedral seed nanoparticles, which themselves originate from an intermediate tetrachlorotin-oleate complex. The SnS
nanoplatelets crystallize in the α-SnS orthorhombic herzenbergite structure (space group Pnma) with no evidence of secondary
phases. Electron tomography, high angle annular dark field scanning transmission electron microscopy and electron diffraction
combined with image simulations evidence the presence of ordered Sn vacancy rich (100) planes within the SnS nanoplatelets, in
accordance with their slightly S-rich composition observed. When using elemental sulfur instead of thioacetamide as the sulfur
source, the same reaction yields small (2−3 nm) spherical SnS2 nanoparticles, which crystallize in the berndtite 4H
crystallographic phase (space group P3m1). They exhibit quantum confinement (Eg = 2.8 eV vs 2.2 eV in the bulk) and room
temperature photoluminescence. By means of electrochemical measurements we determined their electron affinity EA = −4.8 eV,
indicating the possibility to use them as a substitute for CdS (EA = −4.6 eV) in the buffer layer of thin film solar cells.

■ INTRODUCTION

The shape control of chemically synthesized colloidal semi-
conductor nanostructures has undergone fast progress during
the past 15 years. Today many synthesis routes exist for 1D
nanostructures (nanorods),1 branched systems (e.g., tetrapods,2

octapods,3 hyperbranched nanocrystals4) and 2D nanostruc-
tures (nanosheets,5 nanoplatelets6,7). The main interest of
controlling the shape arises from the resulting novel optical,
electronic and assembly properties of these complex nano-
structures. To give an example, the precisely controlled
thickness of CdSe nanoplatelets in a range of a few monolayers
gives rise to very sharp features in the absorption and
photoluminescence spectra.6 This is a consequence of the
strong quantum confinement in one direction of space, while
the other two directions are not confined, similar to epitaxially
grown quantum wells.8 1D and 2D semiconductor nanostruc-
tures open furthermore new horizons for the generation of

ordered architectures through self-assembly into superstruc-
tures.9−12 Using this strategy, metamaterials can be obtained,
which exhibit novel collective behavior such as for example
anisotropic transport properties, depending on the orientation
of the individual nanocrystals within the solid.13−15 2D
nanostructures are expected to show distinct advantages over
spherical and rodlike geometries in terms of charge transfer and
transport in layered devices, which contain a thin film of
semiconductor nanocrystals as the active material (e.g., field-
effect transistors, light-emitting diodes, photovoltaic cells or
photodetectors).
TinII sulfide is currently investigated as low cost, earth

abundant and environmentally benign solar light harvesting
material for thin-film photovoltaic cells as an alternative to
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CdTe and CIGS.16,17 Other areas of potential application
include photodetectors,18,19 anode materials for Li-ion
batteries,20−22 thermoelectrics23 and photocatalysis.19,24 Con-
sidering solar energy conversion, SnS presents an indirect band
gap of 1.07 eV with an effective absorption onset at around
1.4−1.5 eV25 and a high absorption coefficient (α > 104

cm−1).26 The material shows intrinsic p-type doping through
the formation of Sn vacancies acting as shallow acceptors.25

The solar cell power conversion efficiency has progressed
significantly in the past few years reaching currently 4.4%.27

Meanwhile, theoretical predictions indicate that efficiencies up
to 24% should be reachable in a single junction device through
the choice of suitable growth conditions and more appropriate
n-type materials.25,28 On the side of the SnS absorber the
formation of deep trap states resulting from S vacancies (Vs) or
Sn-on-S antisite defects (SnS) should be avoided by choosing S-
rich growth conditions. At the same time, in order to prevent
formation of secondary S-rich phases like Sn2S3 or SnS2, the
sulfur excess has to be controlled in narrow limits.28 In this
context the growth of SnS in form of colloidal nanocrystals of
precisely controlled size, shape, composition and crystal
structure, which can be subsequently processed as thin films
from solution, offers many advantages.29 Bulk SnS, naturally
occurring as mineral herzenbergite, crystallizes in the
orthorhombic crystal system. The atoms adopt a distorted
NaCl structure with nominally octahedral coordination,
characterized by two-atom-thick Sn−S layers in b and c
directions, with larger nearest-neighbor distances and hence
weaker bonding in a direction.30 Therefore, SnS is intrinsically
prone to the formation of anisotropic nanostructures and
synthesis methods yielding a large variety of morphologies have
been reported: spherical or close-to-spherical SnS nano-
particles,31−38 tetrahedral particles,39,40 nanocubes,33,40 nano-
rods,21 nanoribbons,18,19,22 nanoflowers20,36,41 and nano-
sheets.5,33,36,41 In many of these works the obtained X-ray
data differs from the pattern expected for the above-mentioned
orthorhombic α-SnS phase. This discrepancy is generally
explained by the coexistence of the metastable zinc blende
polymorph of SnS.18,22,34−36,38,39 To the contrary, Schaak et al.
recently found that the observed diffraction patterns could be
fully indexed using a pseudotetragonal modification of α-SnS,
showing unit cell expansion along the a and b axes and
contraction along c axis.33

Here we describe a new method for the synthesis of 2D SnS
nanoplatelets using for the first time the SnIV precursor tin
tetrachloride pentahydrate, which is reacted in the presence of
trioctylphosphine and oleic acid with thioacetamide (TAA). In
this reaction, first a tetrachlorotin-oleate complex is formed,
which has been identified by mass spectrometry. In the second
step, hydrogen sulfide generated by the thermal decomposition
of TAA serves as the sulfur source and reducing agent of the tin
precursor. The developed synthesis yields monodisperse
square-shaped platelets of precisely controlled dimensions
showing an edge length in the range of 15−100 nm and a
thickness of 4−15 nm. The nanoplatelets crystallize in the
orthorhombic α-SnS phase (space group Pnma) and exhibit
slightly S-rich composition (Sn = 48.5%, S = 51.5%). High-
resolution transmission electron microscopy in high angle
annular dark field configuration and comparison with image
simulations reveal the presence of ordered Sn vacancies rich
(100) planes within the SnS nanoplatelets. By varying the
reaction parameters we identified that their growth takes place
via the nucleation of isotropic primary seed nanoparticles,

followed by their assembly into 2D nanostructures. Finally,
when using elemental sulfur instead of TAA as the sulfur
source, the same reaction yields small (2−3 nm) SnS2
nanoparticles, showing interesting optical and electronic
properties.

■ EXPERIMENTAL SECTION
Chemicals. SnCl4·5H2O (98%), SnCl2 (99%), 1-octadecene

(90%), oleic acid (80−90%), thioacetamide (>99.0%), sulfur
(99.9%), oleylamine (70%), anhydrous chloroform and ethanol have
been purchased from Sigma-Aldrich, trioctylphosphine (90%) from
Fluka.

SnS Nanoplatelets Synthesis. Tin(IV) chloride pentahydrate
(SnCl4·5H2O, 35−350 mg, 0.1−1 mmol) is mixed in a three neck flask
with 1-octadecene (ODE, 3−18 mL), trioctylphosphine (TOP, 1 mL,
2.24 mmol) and oleic acid (OA, 1 mL, 3.17 mmol) inside a glovebox
under argon atmosphere. The mixture is then degassed under primary
vacuum (0.05 mbar) at 100 °C during 1 h. The sulfur precursor is
prepared by dissolving thioacetamide (TAA, 7.5−150 mg, 0.1−2
mmol) in oleylamine (OLA, 2 mL, 6 mmol) to form a 0.05−1 M
solution. It should be noted that he TAA-OLA solution has to be
freshly prepared prior to synthesis in order to avoid the decrease of the
sulfur concentration with time due to the formation of volatile H2S
gas. The flask containing the tin salt solution is backfilled with argon,
heated to 150 °C and kept at this temperature for 1 h. Next, the TAA-
OLA solution is swiftly injected into the flask under vigorous stirring.
An instantaneous color change from transparent to black takes place
and the temperature is kept for 3−60 min at 150 °C before cooling
down with an ice bath. The SnS nanoplatelets are purified by
precipitation with a chloroform/ethanol mixture (1:2 vol:vol),
centrifugation (9000 rpm, 2 min) and redispersion in 10 mL of
chloroform leading to a stable colloidal solution of dark brown color;
for small size nanoplatelets (e.g., 7 nm thick, 17 nm edge length) no
precipitation is detected even after 2 years storage at ambient
temperature.

Synthesis Parameters for 7 × 17 nm SnS Nanoplatelets (cf.
Figure 1b). SnCl4·5H2O: 350 mg (1 mmol), ODE: 3 mL, TOP: 1
mL, OA: 1 mL, TAA: 150 mg (2 mmol), OLA: 2 mL, reaction time at
150 °C: 10 min.

Spherical SnS Nanocrystals Synthesis. The synthesis of
spherical SnS nanocrystals (NCs) follows the protocol A described
in our previous work.34 For direct comparison with the nanoplatelet
synthesis, the same conditions have been chosen as detailed above,
while replacing SnCl4·5H2O by anhydrous SnCl2.

Synthesis of ∼3 nm SnS2 Nanoparticles. SnCl4·5H2O (350 mg,
1 mmol) was loaded into a 50 mL three-neck flask with ODE (3 mL,
15.6 mmol), TOP (1 mL, 2.24 mmol) and OA (1 mL, 3.17 mmol) and
degassed under primary vacuum during 1 h at 100 °C. Next the
temperature was increased to 130 °C and a solution containing sulfur
(64 mg, 2 mmol) in OLA (2 mL, 6 mmol) was swiftly injected under
vigorous stirring. The reaction was left at this temperature for 5 min
and then cooled down to room temperature with an ice bath. Ethanol
(15 mL) was added to precipitate the NCs, which were collected by
centrifugation at 8000 rpm for 2 min. After dispersion in 5 mL of
chloroform, the NCs were purified a second time using the same
procedure and finally dispersed in 5 mL of chloroform to form stable
colloidal solutions of yellow-orange color.

Characterization Methods. Scanning electron microscopy
(SEM) and scanning electron transmission microscopy (STEM)
images were acquired with a ZEISS Ultra 55+ Electron Microscope.
For STEM, the NCs were drop-cast on carbon coated copper grids
(Ted Pella) and dried under vacuum. Powder X-ray diffraction has
been carried out on a Panalytical X’Pert powder diffractometer
equipped with a copper anode (λKα1 = 1.5406 Å, λKα2 = 1.5444 Å)
and an X’Celerator 1D detector. It was configured in Bragg−Brentano
geometry, with a variable divergence slit on the primary beam path and
a set of antiscattering slits positioned before and after the sample. Axial
divergence was limited by 0.02 rad Soller slits.
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Electron tomography analysis was performed in the high angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) mode on a FEI TITAN 80−300 LB electron
microscope equipped with a probe Cs-corrector, operating at 200 kV
and using a Fischione 2020 ultrahigh-tilt tomography holder. Before
recording a series of images, the aberrations of the condenser lenses
were corrected up to second-order using the Zemlin tableau. A
convergence angle of 10 mrad was used in order to improve the depth
of focus. The data collections were performed by tilting the specimen
around a single axis perpendicular to the electron beam in a range of
−70° to +62° every 2°. The registered tilt series were aligned using the
FEI Inspect 3D software and reconstructed using software written in
MATLAB. In particular, 50 iterations were used using SIRT algorithm.
The reconstructed volumes were thereafter processed using the Avizo
7.0 Fire edition and Fiji software.
The aberration-corrected HAADF-STEM images were recorded

using same FEI TITAN 80−300 LB electron microscope equipped
with a probe Cs-corrector, operating at 300 kV. The aberrations of the
condenser lenses were corrected up to third-order using the Zemlin
tableau to obtain a sub-Angstrom electron probe. A condenser
aperture of 50 μm and a 130 mm camera length were used, yielding an
electron probe with a convergence semiangle of 18 mrad. The SnS

structural models used in our HR-HAADF image simulation studies
were built with RHODIUS, a computer program developed at Cadiz
University.42 TEMSIM software was used for HR-HAADF image
simulations.43 The following electro-optical parameters were used in
accordance with the experiment: accelerating voltage = 300 kV, C3=
0.005 mm, C5 = 32 mm, Δf = −3 nm, convergence angle = 18 mrad
and ADF collection angle = 51−353 mrad. The HAADF image
simulations were convoluted with a 0.13 nm fwhm Gaussian.

The mass spectra were recorded on a LXQ type THERMO
SCIENTIFIC spectrometer, equipped with an electrospray ionization
source and a linear-trap detector. Solutions were injected in the
spectrometer at 10 μLmin−1 flow rate. Ionization voltage and capillary
temperature were set at about 5 kV and 180 °C respectively. The data
were acquired in negative mode with an injection time of 5−200 ms.
The LXQ calibration (m/z 50−2000) was achieved according to the
standard calibration procedure from the manufacturer (mixture of
caffeine, MRFA and Ultramark 1621).

■ RESULTS AND DISCUSSION

1. Crystallographic Properties of SnS Nanoplatelets.
TinIV tetrachloride pentahydrate (SnCl4·5H2O) yields square

Figure 1. STEM images of (a) spherical NCs synthesized with SnCl2 as tin precursor; (b) platelet-shaped SnS NCs synthesized with SnCl4·5H2O.
(c) Powder X-ray diffractograms for both types of NCs (Cu Kα, λKa1 = 1.5406 Å; λKa2 = 1.5444 Å). The vertical lines indicate the expected peak
positions for the orthorhombic Herzenbergite structure (indexed on top). (d) Rietveld refinement of the X-ray diffractogram of the nanoplatelets
(red: experimental data; blue: calculated pattern; black: difference plot). Inset: average particle shape deduced from the refined peak broadening. (e)
EDX measurements.
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cuboid shaped SnIIS nanocrystals (NCs), termed for simplicity
nanoplatelets, when reacted at 150 °C with a thioacetamide
(TAA)/oleylamine (OLA) solution in the presence of
trioctylphosphine (TOP) and oleic acid (OA) in 1-octadecene
(ODE). When tinII chloride (SnCl2) is used as the tin
precursor, the same reaction provides spherical/faceted SnS
nanoparticles (Figure 1).
The latter exhibit an average diameter of 12 nm and a size

distribution of 17%, while the square platelets have lateral
dimensions of 17 ± 3.4 nm and a thickness of 6.9 ± 1.4 nm.
They tend to self-assemble in lines by columnar stacking in the
direction of their flat surfaces, which maximizes van der Waals
interactions between them. This kind of assembly leads to
edge-on orientation on the substrate (Figure 1b). Some
individual face-on particles can also be observed next to these
assemblies. At a first glance the X-ray diffractograms obtained
with both types of NCs are consistent with the presence of the
α-SnS orthorhombic herzenbergite crystalline phase, as
reported for the bulk material (Figure 1c).44 In the case of
the spherical particles, Bragg peaks are hardly discernible for
diffraction angles larger than 40°, indicating the presence of
defects and/or disorder in the structure. A LeBail fit of the data
assuming Pnma space group converged to the following lattice
parameters: a = 11.32 ± 0.03 Å, b = 4.04 ± 0.01 Å, c = 4.23 ±
0.01 Å. In addition Rietveld analysis of the data recorded for the
platelet-shaped NCs was performed using Fullprof software.45

Microstructure effects were taken into account by linear
combinations of spherical harmonics to model peak broad-
ening. Figure 1d shows the result of the refinement together
with the determined average NC’s shape, which is coherent
with STEM observations. The platelets are flattened along
[100] direction with characteristic dimensions of the order of 5
and 14 nm. The lattice parameter values are close to those
obtained for the spherical particles: a = 11.34 ± 0.03 Å, b =
4.00 ± 0.01 Å, c = 4.29 ± 0.01 Å. Site occupancies were refined;
their values correspond to a stoichiometry of (Sn = 40%, S =
60%). However, this determination is not precise as various
parameters affect the integrated intensities, which cannot be
unambiguously disentangled due to the limited wealth of
information contained in our data. Considering the different
SnS cards of the ICDD PDF4 database, Debye−Waller factors
were kept constant at 1.05 Å2 and 0.95 Å2 for Sn and S,
respectively. Residual differences between measured and
calculated patterns might be explained by the presence of
defects in the structure. EDX measurements (Figure 1e) have
been used to determine the stoichiometry of the nanoplatelets
(Sn = 48.5%, S = 51.5%), which is very close to that of the
spherical NCs (Sn = 48.6%, S = 51.4%). The close-to
equimolar stoichiometry demonstrates that the tin precursor
has been reduced during the reaction to form SnS NCs. Sn(IV)
containing compounds would result in completely different
stoichiometries (e.g., Sn2S3, SnS2). We also note the very low
intensity of the peak at 2 theta = 35°, characteristic of SnO2.
In order to correlate more precisely morphology and

crystallographic properties of the SnS nanoplatelets, high
resolution electron microscopy and electron tomography have
been performed. Figure 2a presents an aberration-corrected
scanning transmission electron microscopy high angle annular
dark field (STEM-HAADF) image of a single SnS nanocuboid,
representative of the nanoparticles observed in the sample. The
crystallographic information was extracted from the results of
Fourier analysis. Thus, the spots lighting up in the digital
diffraction patterns (DDPs) show the distances characteristic of

(0−11) and (100) planes of an orthorhombic lattice in [011]
orientation. This result is in full agreement with the results
from X-ray analysis. The 3D observation of a nanostructure
smaller than 50 nm is challenging using standard SEM and
TEM techniques. Therefore, HAADF-STEM electron tomog-
raphy series were performed on the same nanoplatelet by
acquiring images form −70° to 62° each 2°. Afterward, they
were aligned and reconstructed using the SIRT algorithm.
Orthoslices (Figures 2b−d) extracted from the reconstructed
volume of an isolated nanocuboid clearly show a well faceted
structure, having lateral dimensions in concordance with the
STEM images, i.e., edge length of 16.7/14.2 nm and thickness
of 6.7 nm. Figure 2e displays the final reconstructed 3D surface
rendering of the single SnS NC together with an ideal model,
Figure 2f. In view of these images, the nanostructure can be
described as a nonregular octagonal prism. We emphasize that
the 3D reconstruction from electron tomography is in excellent
agreement with the XRD results obtained from Rietveld
analysis, specifically the platelet shape flattened along [100]
direction.

Figure 2. (a) Aberration-corrected scanning transmission electron
microscopy high angle annular dark field (STEM-HAADF) image of a
single SnS nanocuboid (edge view); enlarged region of the SnS
nanocrystal showing the atomic columns; digital diffraction pattern
(DDP) taken from the site marked with a square. (b−d) STEM-
HAADF electron tomography: orthoslices extracted from the entire
volume of a nanocrystal through (b) xy axis; (c) xz axis; (d) yz axis.
(e) 3D surface rendering tomographic reconstruction of a single SnS
nanoplatelet and (f) ideal model of the nanoplatelet according to the
tomographic reconstruction with its lattice plane assignment.
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Two representative aberration-corrected HAADF-STEM
images of square SnS nanoplatelets on [011] off-zone axis
reveal a periodic modulation in image contrast (Figures 3a,b).
This is emphasized by taking intensity profiles along the (100)
planes (Figures 3c,d). In this imaging mode, the intensity varies
with the square of the atomic number Z2 and the thickness of
the analyzed area.46 It is worth mentioning that this periodically
modulated contrast was found in all HAADF images of several
tens of anisotropic SnS nanocrystals analyzed. To better
understand this modulation, the normalized variations of the
experimental HAADF intensity (Figure 3e) were compared to
the projected potential of a structural model (Figure 3f) built
using the crystallographic parameters of the average structure
inferred by XRD in [011] zone axis and 15° tilted planes
(Figure 3g). Clearly, the intensity variations from the model do
not match the experimental ones and in particular do not
display the modulation observed in the experiment (Figure
3h,i). Since the observed image intensity is dominated by the
contributions from Sn atoms, the modulation must originate
from a deviation of Sn concentration as compared to the
average structural model. Previously, Vidal and co-workers have

demonstrated by theoretical calculations and experiments that
bulk SnS possesses a high concentration of Sn vacancy defects
because of the small enthalpy of this defect formation.25 Thus,
our images suggest the presence of Sn vacancy (100) rich
planes.
To get further information about the structure of the

nanoplatelets at atomic scale, the spatial average technique was
applied using the most advanced software on the basis of the
analysis of atomically resolved images by means of template
matching. Note that this image treatment allows us improving
the resolution due to the reduction of noise.47 Figure 4b
illustrates the spatial average of the group of atomic columns of
the nanocuboid of Figure 2. This image indicates that the
atomic columns appear as elongated shape contrast whose
intensity varies from site to site. Additionally, it should be
pointed out that an extra intensity can be seen between the
atomic columns (marked with an arrow). These characteristics
appear more clearly in the intensity profile over the columns,
Figure 4c. As for the nanocuboids on off-axis, to understand
such features a simulated image of the projected structure on
the [011] zone axis (Figure 4d) was compared to the

Figure 3. (a,b) Aberration-corrected HAADF images of two different SnS nanoplatelets on [011] off-zone axis systematic diffraction condition and
corresponding power spectra (insets). (c,d) Intensity profiles corresponding to the lines marked on the HAADF images. Arrows in (c) and (d)
indicate the Sn vacancy rich (100) planes. (e,f) Enlarged area of the experimental (e) and simulated (f) HAADF images. (g) Supercell of the
stoichiometric crystal structure projected through the [011] zone axis considering a thickness of 13 nm and tilted 15°. (h,i) Intensity profiles
corresponding to experimental and simulated HAADF images.
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normalized intensity of the averaged image. The atomic
columns present the same elongated shape as well as the
extra intensity between them, although not as large as in the
experimental image. To the contrary, the intensities of the
atomic columns do not match as shows the intensity profile
displayed in Figure 4e. The elongated shape is in agreement
with the crystallographic positions of Sn and S: in the [011]
projection of the orthorhombic lattice the S atoms are slightly
shifted with respect to the Sn atoms (Figure 4d). On the other
hand, the modulations found in the atomic columns allow us to
confirm our previous analysis. Therefore, our experimental
results are consistent with a high concentration of defects in the
obtained SnS NCs. Furthermore, the observed periodic
contrast modulations indicate an ordering of these defects. It
can be expected that the density and organization of such

features in the crystal lattice strongly influence the optoelec-
tronic properties of SnS nanocrystals.

2. Influence of Reaction Parameters on Particle
Morphology, Growth Mechanism. The synthesis of SnS
nanoplatelets takes place in two steps: first, the complexation of
the tin precursor in the presence of OA and TOP; second, the
reaction with the sulfur precursor TAA to form SnS
nanoparticles. By means of control experiments using only
one of the complexing agents (either TOP or OA) we
identified that both are required for the subsequent formation
of SnS nanoplatelets. Oleate ligands act as complexing agent for
Sn4+ ions, following the HSAB principle (hard base/hard acid
couple). The neutral donor ligand TOP, on the other hand, is
supposed to coordinate as a soft base preferentially Sn2+ ions
present in the final nanoparticles. In the starting compound
tinIV tetrachloride pentahydrate, the tin ion is coordinated by
four chlorine atoms and two water molecules, forming a slightly
distorted octahedral coordination sphere.48 The intermolecular
packing is governed by hydrogen bonding implying further
water molecules. By means of electrospray ionization (ESI)
mass spectrometry we unambiguously identified the inter-
mediate complex formed in the first stage of the reaction to be
SnCl4 coordinated with one oleate molecule (cf. Supporting
Information). This indicates that the reduction of the tin
precursor only takes place in the second stage, upon injection
of the TAA/OLA solution. TAA thermally decomposes in
organic solvents into acetonitrile and hydrogen sulfide, the
latter acting as reducing agent for SnIV and sulfur source. The
high chlorine content of the intermediate complex is expected
to contribute to the formation of square platelets instead of
isotropic spherical particles. As seen in the EDX data (Figure
1d and Supporting Information), the final product after
purification still contains a significant amount of chlorine
whereas almost no chlorine can be detected in the case of
spherical nanoparticles obtained when using SnCl2 as the tin
precursor. We hypothesize that specific chlorine terminated
crystal facets of the primary seed particles allow for a close
interparticular contact during their 2D assembly.
With the goal to investigate the influence of the reaction

parameters on the size and shape of the obtained nanoparticles

Figure 4. (a) Spatial averaged HAADF image of a group of atomic
columns of the nanocuboid in Figure 2. (b) HAADF simulated image
using the same electro-optical parameters as for the previous
calculations in Figure 3. (c,d) Intensity profiles corresponding to the
lines marked on the spatially averaged HAADF image (c) and
simulated image (d). (e) Supercell of the crystal structure projected
through the [011] zone axis (Sn: purple; S: yellow).

Figure 5. Top row: evolution of the shape with reaction time for high precursor concentration ([Sn] = 0.143 M, Sn:S ratio 1:2, T = 150 °C). The
ratio of spherical particles and nanoplatelets is indicated. Bottom row: evolution when using low precursor concentration ([Sn] = 0.005 M, Sn:S ratio
1:5, T = 150 °C). The thickness of the platelets is 8 nm, the edge length 30 nm (3 min), 50 nm (5 min) and 100−150 nm (15 min), respectively.
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we varied the concentrations of the tin and sulfur precursors as
well as of the ligands/complexing agents. Reaction temperature
was another parameter studied, however, at lower temperatures
(130 °C, 140 °C) and higher temperatures (>160 °C) the
obtained samples exhibited larger polydispersity. Therefore,
150 °C has been used for all experiments. The concentration of
precursors has a marked influence on the morphology of the
SnS nanoparticles. In a regime of high concentration ([Sn] =
0.1−0.2 M) square nanoplatelets as shown in Figure 1 with

typical dimensions of 7 × 17 nm are obtained. Lowering the
concentration to intermediate values ([Sn] = 0.02−0.09 M)
yields significantly thinner square nanoplatelets (3−4.5 nm)
while the lateral dimension is little affected (14−16 nm). Below
concentrations of [Sn] = 0.01 M bimodal particle populations
are observed, consisting of nanoplatelets and faceted spherical
nanoparticles (cf. Figure 5). In all cases the particle morphology
was found to be essentially independent from the Sn:S
precursor ratio in the investigated range (5:1 to 1:5), although

Figure 6. Growth mechanism of SnS square nanoplatelets (c) via the assembly of spherical seed nanoparticles (b) formed upon injection of the
sulfur precursor into a solution of the complexed Sn precursor (a). The competing pathway (d) can be suppressed by proper choice of the reaction
conditions, as shown in (e) where the following parameters have been used: [Sn] = 0.143 M, Sn:S ratio 3:1, T = 150 °C, reaction time 5 min, leading
to monodisperse nanoplatelets with a thickness of 4.4 ± 0.5 nm and edge length of 14.4 ± 1.2 nm. (No size-selective precipitation is performed.)

Figure 7. Optical and structural characterization of the 2−3 nm SnS2 nanoparticles obtained using elemental sulfur/OLA as precursor. (a) UV−vis
absorption and photoluminescence spectra. (b) Powder X-ray diffractogram. Green: experimental; blue: LeBail fit of the data assuming space group
P3m1. (c) EDX spectrum. (d) High resolution TEM image. (e) Digital diffraction pattern of the area marked with a square.
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a propensity for the formation of spherical particles was
observed for the highest sulfur ratios.
The growth of 2D SnS or SnSe nanostructures generally

occurs via one of the following mechanisms: (1) oriented or
nonoriented attachment of small nanocrystal building blocks;49

(2) anisotropic growth induced by the selective blocking of
specific crystal facets for growth.22,41 SnS differs from widely
studied II−VI, IV−VI and III−V semiconductor nanocrystals in
the way that it adopts a layered GeS-type crystal structure,
favoring the formation of 2D nanostructures such as sheets or
platelets. The analyses of aliquots taken at short reaction times
(Figure 5) indicate that in the present synthetic scheme the
controlled assembly of preformed spherical/polyhedral SnS
nanoparticles is the predominant mechanism of nanoplatelet
formation. When using the experimental conditions resulting in
the sample shown in Figure 1b, at short reaction times (<2
min) a larger fraction of 7−8 nm spherical nanoparticles coexist
with a smaller fraction of nanocuboids. For longer reaction
times (>3 min) the fraction of nanoplatelets becomes prevalent,
and after 10 min (cf. Figure 1b) no more spherical
nanoparticles can be found. In the case of low precursor
concentration (Figure 5, bottom row), the initial stages of
reaction are similar, showing the coexistence of spherical
polyhedra and nanoplatelets with a thickness corresponding to
the diameter of the former. However, here the nanoplatelets
exhibit a significant growth of their lateral dimensions, up to
>100 nm after 15 min. At the same time a second population of
large spherical nanoparticles appears, which are well calibrated
in size (mean diameter: 42 nm).
Building on these observations we propose a growth

mechanism, during which in the initial stages spherical seed
particles are created after injection of the sulfur precursor into
the solution of the tin precursor. The spherical nanoparticles
self-assemble subsequently to form square nanoplatelets of
fixed thickness corresponding to the diameter of the seed
particles. A similar growth mechanism has been observed in the
case of SnSe nanosheets.49 At low concentrations, the growth of
the seed particles becomes a competing pathway to their
assembly in form of nanoplatelets. At the same time the much
slower growth under diluted conditions leads to significantly
increased lateral dimensions of the nanoplatelets. They can be
conveniently separated from the large-sized spherical nano-
particles by means of size-selective precipitation. Figure 6
summarizes the proposed growth mechanism.
3. Use of Elemental Sulfur Instead of TAA: Synthesis

of SnS2 Nanoparticles. When TAA is replaced by elemental
sulfur solubilized in OLA as the sulfur source, the synthesis
described above yields small (2−3 nm), spherical SnIVS2
nanocrystals. As expected the tin precursor is not reduced in
the absence of H2S-forming TAA during the second stage of
reaction.
Bulk SnS2 exhibits an indirect band gap of 2.2 eV28 and by

consequence the color of the reaction mixture, which turns
black in case of SnS nanoparticles, here evolves from colorless
to yellow and finally orange with time. The absorption
spectrum (Figure 7a) shows a shoulder at 350 nm and a red
tail with an onset at around 470 nm. Contrary to the studied
SnS nanoparticles, also a photoluminescence (PL) signal could
be detected. The PL peak maximum is situated at 450 nm with
a line width of 90 nm (fwhm) and an asymmetry on the larger
wavelength side. The deduced optical band gap of 2.8 eV
indicates quantum confinement effects. The X-ray diffractogram
exhibits broad peaks (Figure 7b), which can be indexed

assuming a berndtite 4H crystallographic phase with space
group P3m1 as identified by Palosz et al.50 Lattice parameters
were inferred from a LeBail fit of the data: a = 3.62(5) Å and c
= 10.00(5) Å. We underline that space group P63mc is
commonly assigned to the 4H polytype of SnS2, characterized
by existence conditions as l = 2n for (00l) reflections. However,
in our case the experimental pattern displays two peaks
associated with interreticular distances of 10.0(1) and 5.05(5)
Å, which can be unambiguously assigned to (001) and (002)
reflections, respectively. P63mc has therefore to be excluded.
According to the Scherrer formula, the widths of the peaks are
compatible with 2−3 nm sized nanocrystals. EDX analysis
(Figure 7c) confirms the SnS2 stoichiometry with a Sn:S ratio
of 66.3:33.7. SEM imaging was not successful due to the small
size of the nanocrystals, and also TEM imaging is complicated
as the contrast of the SnS2 nanoparticles on amorphous carbon
substrate is low. Nonetheless it was possible to analyze the size,
shape and crystallinity on high-resolution TEM images (Figure
7d,e). The nanocrystals are polymorphous and their mean size
is in accordance with that determined from the X-ray data.
Furthermore, the analysis of digital diffraction patterns of
selected particles confirms the crystalline phase: the mean spots
show distances and angles, which are correlated to the presence
of (100) and (200) planes of a hexagonal lattice in the space
group P3m1 ([010] orientation).
SnS2 has been suggested as potential substitute for CdS in

the buffer layer of thin film CIGS (or kesterite) solar cells,
combining nontoxicity, stability and low cost due to the large
earth abundance of its constituents.51 Recent DFT calculations
predict values of −5.02 eV and −7.30 eV, respectively, for the
electron affinity and ionization potential in SnS2 as well as n-
type character due to prevailing S vacancies.28 To identify the
energy levels in our samples, we carried out electrochemical
studies on thin films of the obtained SnS2 nanoparticles (cf.
Supporting Information). Differential pulse voltammetry
(DPV) reveals a well-defined reduction peak at 0.04 V vs the
ferrocene/ferrocenium redox couple, resulting in an electron
affinity of −4.8 eV. In accordance with the observed quantum
confinement in the optical spectra, the electron affinity is
shifted (here by 200 meV) with respect to the bulk, reaching a
value close to that measured under the same conditions for 13
nm CdS NCs (−4.6 eV). The possibility of adjusting the
electron affinity with the nanoparticle size opens interesting
perspectives for the use of SnS2 as n-type buffer layer in thin
film solar cells in terms of optimization of the conduction band
offset with respect to the absorber material.

■ CONCLUSION
We present a new method for the synthesis of well-calibrated
square SnS nanoplatelets showing comparably small dimen-
sions (thickness 4−15 nm, edge length 15−100 nm) with
respect to reported works on SnS 2D nanostructures. An
appealing side effect of the small size is the observed long-term
colloidal stability (several years in chloroform), a prerequisite
for nanoparticles’ processing, e.g., in thin films or as additive to
polymer matrices. This is of particular interest in view of
applying SnS nanoplatelets as light harvesting material in solar
cells. Tin tetrachloride pentahydride has been identified as an
easy to handle and versatile precursor of SnS nanoplatelets
(with thioacetamide), or of small SnS2 nanoparticles (with
elemental sulfur). The crystallographic properties of the
nanoplatelets could be precisely related to the morphology by
means of electron tomography on single particles. For the first
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time, the internal structure of SnS nanoplatelets has been
investigated in details using atomic resolution electron
microscopy techniques, combined with simulations of the
experimental data. These analyses reveal the presence of Sn
vacancy rich (100) planes, while the observed periodic contrast
modulations indicate an ordering of these defects. The obtained
small SnS2 nanoparticles exhibit quantum confinement effects
and well-passivated surface states as confirmed by the
measurement of their photoluminescence spectrum. The
electronic energy levels of SnS2 nanoparticles determined
from electrochemical and optical studies place them as
potential candidate for substituting toxic CdS as buffer material
in thin film solar cells.
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