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We report a synthetic route to produce surfactant-free SnS nanoplates with the Pbnm crystal structure. The process is
quick and environment-friendly, accomplished in a mild aqueous condition. The synthesis involves two steps, formation of

an intermediate tin oxide hydroxide (SngO4(OH),) gel and its chemical transformation into SnS nanoplates in the presence

of sulfide precursor (Na,S). we found that addition of small amount of PVP during the chemical transformation results in

the formation of cubic SnS with the Cmcm crystal structure. We discuss about the development of the crystal structures on

the basis of density functional theory (DFT) calculations on the structure-energy relationship of SnS nanostructures. The

optical properties of the SnS nanoplates and nanocubes are compared.

Introduction
Two-dimensional (2D)
widespread interest because of their unique electronic,
chemical, physical properties, and their potential applications
associated with lateral anisotropy.l'3 Among various 2D
layered materials, narrow band gap IV-VI

semiconducting materials have attracted great attention owing

layered materials have drawn

series of

to their wide range of optoelectronic applications such as for
photovoltaics and near-infrared detectors etc.”?

Among the variety of IV-VI 2D materials, SnS has been of
intensive interest for its unique semiconducting and optical
properties in addition to high natural abundance and low
toxicity.6 Bulk SnS has both an indirect and direct band gaps of
approximately 1.1 eV and 1.3 eV, respectively. It has been
widely used for photodetectors,7'8 photocatalysts,9 and lithium
jon batteries.'° Although there have been many literatures
reporting successful control of the shape and stability of SnS

. 8,11-14 .
nanostructured materials, most of the synthetic
procedure involves the use of polymeric surfactants or capping
15-17 N .
agents. Hydrocarbon molecules containing amine

functional groups such as oleylamine have been commonly

used as surfactants for the synthesis of SnS nanostructures.™®
¥ Those surfactant-assisted approaches often suffer the
cumbersome removal of the surfactants, which is required for

their optoelectronic applications. Even a small amount of
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surfactant at the surfaces of nanomaterials changes their
electronic characteristics and causes contact resistance.”®*!
Therefore, achieving a surfactant-free synthesis can potentially
circumvent those issues and provide a significant advancement
in the applications involving 2D nanostructured materials.

This study suggests a robust synthesis to produce surfactant-
free SnS nanoplates. The synthesis is based on a simple
concept of using a surfactant-free intermediate, tin oxide
hydroxide (SngO4(OH),4), which can be easily transformed into
SnS nanoplates in the presence of S source. More interestingly,
upon addition of a small amount of polyvinylpyrrolidone (PVP)
as a surfactant together with S source, SnS nanocubes were
produced instead of nanoplates. In order to understand the
energetic origin of crystal formation, we have performed
density-functional theory (DFT) calculations.? This study also
compares the optical properties of the SnS nanoplates and
nanocubes.paragraph text follows directly on here.

Experimental

Materials. Tin(ll) chloride (SnCl,, 98%), ammonium hydroxide
(28%), sodium sulfide nonahydrate (98%),
polyvinylpyrrolidone (PVP, Mw = 55000) were purchased from
Sigma-Aldrich. All chemical reagents were used as received

solution and

without further purification.

Preparation of tin oxide hydroxide (SngO4(OH),)
intermediate. SnCl, (2.26 g) was dissolved in 10 mL DI-water.
100 mL ammonium hydroxide solution was added into the
SnCl, solution, and the mixture was vigorously stirred for 1 h at
60 °C. After 1 h, the resulting milky white precipitate in the
solution was centrifuged and washed with ethanol and water
three times. The precipitate was dried in a vacuum desiccator

for 12 h before its further use.

J. Name., 2013, 00,1-3 | 1
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Synthesis of surfactant-free SnS nanoplates. The dried
Sng0,4(OH), powder (0.1g) was dispersed in 40 mL of DI-water
(in a round bottom flask) under ultrasonication. Then the
solution was heated up to 100 °C under nitrogen atmosphere.
In a separate vial, sodium sulfide (0.2g) was dissolved in 10 mL
Dl-water and the solution was injected into tin oxide hydroxide
powder suspension at 100 °C. The solution color immediately
changed from milky white to dark brown. The reaction was
kept for 1 h to complete the reaction. After the reaction, the
precipitate was washed with ethanol and water for three times
to remove unreacted precursors.

Synthesis of SnS nanocubes. PVP (0.2 g) was dissolved in 10
mL Dl-water. This PVP solution was poured into the tin oxide
hydroxide suspension at room temperature. The mixture
solution was heated up to 100 °C under nitrogen atmosphere.
Then dissolved sodium sulfide solution (in 10 mL DI-water) was
injected into the mixture solution of tin oxide hydroxide and
PVP at 100 °C. After 1 h, the precipitate was collected by
centrifugation and washed three times with ethanol and water
before drying it in a vacuum desiccator.

Characterization. Nanostructures of the products were
analyzed by scanning electron microscope (SEM, JEOL JSM-
7001F) and transmission electron microscope (TEM, JEOL
2100F) at 200 kV acceleration voltage. The crystal structures
were characterized by x-ray diffraction (XRD, Rigaku Il D/MAX)
and selected-area electron diffraction pattern from TEM. The
ultraviolet—visible absorption of the SnS nanocrystals was
measured with a UV—vis spectrophotometer (JASCO V-500).

DFT calculation. In order to investigate thermodynamically
preferred SnS crystal, the DFT calculations were carried out
with the Vienna ab initio Simulations Package (VASP 5.3)
code.”** We first calculated energies in the vacuum
environment. The ion-electron interactions were obtained via
226 and the
approximation to the exchange-correlation was made using
the Perdew, Burke, and Ernzerhof (PBE) functional.”’ The
electronic wave functions were expanded in a plane-wave
basis set with a kinetic energy cutoff of 500 eV. The k-space

the projector augmented wave (PAW) method,

integration was performed using a gamma-centered (8x3x8)
grid in the Brillouin zone for both Pbnm and Cmcm phases of
bulk SnS, (6x6x1) for the Cmcm SnS(010) surface, (4x2x1) for
the Cmcm SnS(101) surface, and (4x2x1) for the Pbnm SnS(111)
surface. A Methfessel-Paxton smearing of 0.1 eV was used to
improve the convergence of the calculations and the total
energy was extrapolated back to zero temperature. We
employed the implicit solvation method as implemented in
VASP sol code.?® We used different relative permittivity (er)
values, er = 80.0 for the water environment, and r =3.0 for
the PVP surfactant environment, respectively.

Results and discussion

Scheme 1 summarizes the synthesis procedure used in this study,
via the formation of an intermediate product of Sn(ll). Aqueous
solution of SnCl, was mixed with a basic solution of ammonium

2| J. Name., 2012, 00, 1-3

hydroxide (pH = 9.2), followed by vigorous magnetic stirring for 1 h
at 60 °C. Under the basic condition, SnCl, rapidly hydrolyses and
forms a white precipitate within 1 h. The precipitate was identified
as tin oxide hydroxide (SngO4(OH),) sol. All the oxygen atoms are
joined by hydrogen bonds in a regular cubic structure and are
structurally related to the cyclic Sn3(OH)4Z+ cation.®?*® The
formation of SngO4(OH), intermediate can be explained on the basis
of the following two reactions.

3SnCl, + 4 NH,OH - [Sn3(OH),]?*-2Cl~ + 4NH,Cl (1)
2[Sn3(OH),]?>* - 2C1- - Sng0,(0OH), + 4 HCl (2)

The Sng04(OH), was centrifuged and washed, then dried in oven.
The dry powder was redispersed in DI water and the solution was
heated at 100°C. Upon injecting Na,S as a sulfide source, the
intermediate SngO4(OH), was chemically transformed into SnS

nanoplates without any surfactant, while it was transformed into
SnS nanocubes in the presence of PVP surfactant.

Intermediate

Ammonia Na,S
solution Ll
SnCl,-2H,0 _ injection
1hat60<g 1 hat 100 °C

~
Tin oxide hydroxide

Scheme 1. Schematic illustration of the formation of SnS nanoplates
and nanocubes.

Figure 1A shows a TEM image of the as-prepared intermediate,
which was irregular nanoparticle aggregate. Figure 1B shows the X-
ray diffraction (XRD) pattern of the intermediate, where all the
diffraction peaks are matched with the crystal structure of tin oxide
hydroxide (SngO4(OH),) (JCPDS 84-2157).31 SngO4(0OH), crystals were
stable in the atmospheric environment. Any by-product such as SnO
phase was not detected in the XRD result.
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Figure 1. TEM image (A) and powder XRD pattern (B) of SngO,(OH),
particles used as intermediate Sn precursors

It has been proven that a salt with a higher solubility product (Ki;)
is thermodynamically unstable than those with lower Ky, values;
hence, it can be transformed into other salt having lower K,
values.* Since SnS has a lower K, values (3.2x10'28) than its oxide

This journal is © The Royal Society of Chemistry 20xx
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(5.7><10'Z7) or hydroxide (5x10‘26) counterpart in neutral water
condition,33‘34 Sn compounds in forms of hydroxides or oxides are
converted to SnS in the presence of S* anions. It is notable that the
chemical transformation needs excess amount of S> source because
the solubility product differences between SnS and its oxide forms
are not large enough to guarantee complete conversion. Upon
addition of excess amount of Na,S salt (0.65 mM, which is about 3
times excess compared to the Sn precursor) in the SngO4(OH),
solution, Sng04(OH), was transformed into SnS,
Sng0,(0H), + 6Na,S + 4H,0 —» 6SnS + 12NaOH (3)

This chemical transformation has been recently,
although the process used oleic acid and oleylamine as solvent and
surfactant.®® The process in this study is advantageous over the past

reports in that the reaction is surfactant free, simple, and

reported

productive in massive amount. Furthermore, the process is

environmentally friendly as it reaction

involves a moderate
temperature in an aqueous solution.

The morphologies and crystal structures of the as-synthesized SnS
nanomaterials were characterized with SEM, TEM, and XRD. Figure
2A represents the SnS orthorhombic crystal structure consisting of
distinct layers that are bound through weak van der Waals bonding
along the c-axis. Sn and S are bound by partial ionic bonding in the
lateral direction within each layer. Because of this anisotropic
bonding character, SnS nanocrystals grow preferentially into 2D
nanoplates (Figures 2B and 2C).14

50 nm

(JCPDS 39-0354)

m
(a1

(131)

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (deg)

Figure 2. (A) Schematic modeling of layered structure of SnS
nanoplates (Pbnm). FE-SEM and TEM images of as-synthesized SnS
nanoplates (B and C, respectively). (D) A HR-TEM image of the SnS
nanoplates plane and inset image is electron diffraction pattern of
SnS nanoplates. (E) Powder XRD patterns of SnS nanoplates.

This journal is © The Royal Society of Chemistry 20xx
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The average thickness and the lateral dimension of the SnS
nanoplates were 20 nm and 380 nm, respectively. The nanoplates
were dispersed well in water and ethanol, which is owing to the
ionic interaction between surface atoms and polar solvent
molecules even in the absence of any surfactant. HR-TEM image of
the SnS nanoplate is shown in Figure 2D. A lattice spacing of 0.285
nm indicates the directional growth of the nanoplates along [111]
direction. The selected area electron diffraction (SAED) pattern of
SnS nanoplates (inset in Figure 2D) was identical at different spots,
which indicates the nanoplates are single crystalline. Figure 2E
shows the XRD pattern of the nanoplates where all the diffraction
peaks are indexed to the orthorhombic SnS in Pbnm space group
(JCPDS 39-0354 Pbnm).>®38
corresponding to (111)

The presence of an intense XRD peak
plane is consistent with HR-TEM result

(Figure 2D).
100 12.5
—u— Yield
o5 —e—pH
go{ @ , 3
e
\. £12.0
< 60+ m ] ©
= I \ I
bo] [ ] | <
o 401 | é_>
> [ ] -11.5 s
20- f
0 ; ; ; 11.0
0 200 400

Reaction time (min)

Figure 3. Variation of reaction yield (black square) and pH (blue
circle) of the reaction medium as a function of time.

During the synthesis of SnS nanoplates after addition of s>
precursor into the SngO4(OH), suspension, the product yield
increased abruptly during the first 10 min (~ 50%) and it slowly
increased to reach a maximum (88%) after 1 h (black square
symbols in Figure 3). The color of the reaction solution turned dark
brown immediately within 1 min after injecting Na,S and the color
was maintained during several hours. This fast color change
indicates abrupt nucleation and growth of SnS nanocrystals. As the
reaction time elapsed further, the product yield continuously
decreased. During the reaction, the morphology of the SnS product
was the same nanoplates, as shown from TEM images obtained at
20 min and 240 min of reaction times (Figure S1). The color of the
reaction mixture became transparent in 24 h (Figure S2). To
investigate the mechanistic details of this reaction, we monitored
the change in pH of the reaction mixture (blue circle symbols in
Figure 3). The pH of the reaction mixture decreased with time along
with the decrease of product yield. As expressed in Eq.3, the
reaction generates NaOH during the formation of SnS nanoplates,
which caused increase of pH from 10 to 12.2 until the product yield
reached its maximum at 1 h. The simultaneous decrease of reaction

J. Name., 2013, 00, 1-3 | 3
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yield and pH after 1 h reaction suggests dissolution of SnS by
reaction with OH".*

2SnS + 30H™ - [SnS;]2” + [Sn(OH);]~ (4)

We examined the transparent supernatant solution after
collecting the nanoplates by centrifugation (Figure S2). The
dissolved Sn(OH);” ion and Na® ion formed NaSn(OH); salt which
made the solution turbid.*® The supernatant solution became more
turbid as the reaction time to form SnS over 1 h was longer, which
confirms the etching of SnS nanoplates.

E cPps 83-1758)| F

Intensity (a.u.)

Figure 4. FE-SEM and TEM images of as-synthesized SnS nanocubes
(A and B, respectively). The black arrow in (B) indicates tin oxides
that were not completely transformed into SnS crystal. (C and D)
HR-TEM
corresponding electron diffraction pattern. (E) XRD results of as-
synthesized SnS nanocubes. (F) Schematic illustration of each facet

image of SnS nanocubes and insert shows the

of cube structure. (G) Schematic modeling of layered structure of
SnS nanocubes (Cmcm).

Antonie et al. demonstrated the synthesis and formation
mechanism of SnS nanoplates according to various organic
surfactants.” We investigated the effects of surfactant on the

structural development of SnS during the transformation from

4| J. Name., 2012, 00, 1-3

SngO4(0OH), into SnS. We added PVP in the suspension of SngO4(0OH),
in water and added excess amount of Na,S. Color of the reaction
solution turned dark brown after 5 min, which was longer than the
SnS nanoplate synthesis (less than 1 min) without PVP surfactant.
This slow color change indicates the crystal nucleation and growth
at the initial stage was slower in the presence of PVP surfactant. We
have found that the product was well-defined nanocubes instead of
nanoplates. Figures 4A and 4B exhibit SEM and TEM images of the
as-synthesized nanocubes. The edge length of the nanocubes
ranged 170 - 200 nm. It is notable that only nanoplates were
produced when the concentration of PVP was less than 0.01 wt%
(0.5 mg), meanwhile only nanocubes were obtained when the
larger than 0.1 wt% (10 mg). In the
concentrations of 0.03 ~ 0.05 wt% PVP solution, we found mixtures

concentration was

of nanoplates and nanocubes, the smaller concentration produced
less fraction of nanocubes. The relevant images are shown in the
supporting information (Figure S3).

Figure 4C and 4D show the HR-TEM images and electron
diffraction patterns from two different cubic faces of the nanocubes.
The facets can be identified with the lattice spacing and the
corresponding diffraction pattern. The lattice spacings were 0.29
nm and 0.28 nm, which represent the (101) and (040) facets,
respectively.“’43 Figure 4E shows the XRD pattern of the nanocubes,
where the peaks are mostly matched with the space group of Cmcm
symmetry, also known as the zinc blende structure. Unidentified
result from the SngO4(0OH),
intermediate whose transformation into SnS was not completed, as
indicated with an arrow in Figure 4B. Based on the XRD and

small peaks are considered to

electron diffraction patterns, Figure 4F shows schematic illustration
of nanocube which has different facets along the zone axis. The
crystal structure was Cmcm (Figure 4G) in which the S and Sn
elements are positioned in the same plane without any tilted angle.
The SnS nanocubes were not etched out even 24 h reaction, which
is contrary to the continuous etching in SnS nanoplates after 1 h
reaction.

In order to check the thermodynamic preference of the SnS
crystals, the DFT calculations were carried out with the Vienna ab
initio Simulations Package (VASP 5.3) code.?**
energies in the vacuum environment. To assess the preference of
the formation of cubic geometry Cmcm, we calculated the energy

We first calculated

difference (AE) between the nanoplate (Pbnm) and the nanocube
(Cmcm), AE = AE(Pbnm) - AE(Cmcm). AE was composed of bulk
energy difference (AEp,) and surface energy difference
(AEqyf), AE = AEguf — AEpuik- AEpux and AEg, are plotted as a
function of nanoparticle size (Figure 5A). The aspect ratio (r) for the
Pbnm nanoplate was taken as the average dimension from the
experimental result (i.e., a thickness of 20 nm and a width of 500
nm, r = 20/500). The geometric dimensions were determined from
the volume data, while, in turn, the surface energy contributions
were then determined by the geometric dimensions. Thus, all the
quantities could be expressed as a function of the volume of the
nanocrystals. The DFT results indicate that AE,,, destabilizes the
cubic Cmcm phase, but AE,,; favors the phase in Figure 5A. The

This journal is © The Royal Society of Chemistry 20xx
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formation of the Cmcm cubic nanoparticles is favored over the
formation of SnS nanoplates at a small size regime (< ~120 nm),
which is because the surface energy contribution is dominant over
the bulk energy explicitly express the
thermodynamic driving force of forming the Cmcm cubic phase at

contribution. To

very small size regime, we divided the AE by the total number of
SnS formula units in our model and plotted it as a function of the
SnS nanocube size, as seen in Figure 5B. Here, it clearly shows there
is indeed a strong thermodynamic driving force for this nanocubic
preference at very small sizes. However, the Pbnm phase is favored
as the volume becomes larger than ~120 nm for the same aspect
ratio of the nanoplates. The calculation agrees with the

experimental results.

20
A AE B { AE, (per f.u.) |
AEpuik . ‘ e ==
_ AEgyf o | 2 20 z
F 3 ‘
S ‘////_ £ -40"
u s -
= /
< g 60 { / 1
/
-80 /
-100 ‘ L

20 40 60 80 100 120 140
Size of SnS nanocubes (nm)

0 20 40 60 80 100 120 140
Size of SnS nanocubes (nm)

model: (A) Energy
difference between the Pbnm nanoplate and the Cmcm cubic
phases of SnS, AE = AE(Pbnm) - AE(Cmcm),Blas a function of the size
of the cubic particle. AE is composed of the bulk contribution (AE, )

Figure 5. DFT-based phenomenological

and the surface contribution (AEg,s). The volume of nanoplates
were the same with the nanocubes and the aspect ratio was fixed
at 20/500. (B) Normalized energy difference, AE, as a function of
the size of the cubic particle, showing AE divided by the number of
the SnS formula unit in the nano particle.

It is worthy to note that this DFT-based phenomenological model
does not explicitly include the population statistics of the
nanoparticles in a batch. From the experimental results, the
morphology during chemical transformation was strongly affected
by the presence of the PVP surfactant, as mentioned above in
details. We examined the consequences of solvation due to PVP
capping agent or pure water with the implicit solvation model.®
The surface energies were calculated with dielectric constants of
PVP and water (¢ = 3.0 for PVP and ¢ = 80.0). With the same aspect
ratio (r = 20/500), we found that the difference in surface energy
due to solvation effect did not drastically modify the trend found
from the results obtained in the vacuum environment. As a result,
our simple implicit solvation model leads to the same preference of
the Cmcm phase in both pure water and PVP environment at the
regions of small volume. To explain why the Cmcm cubic phase is
not found in the pure water environment, may require more large-
scale simulation e.g. the explicit treatment of the solvent
environment and/or molecular dynamics simulation. We tried to
investigate whether the Cmcm phase transforms into the Pbnm
phase or not as the volume grows larger than a critical size.
Unfortunately, the formation of nanoplates was too fast to track
the possible phase transition, which is left as a future work.

This journal is © The Royal Society of Chemistry 20xx
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Relatively, the formation of nanocubes could be tracked
microscopically. It followed conventional nucleation and growth

mechanism.

The UV-vis absorption behavior of the SnS nanoplates and
nanocubes are compared in Figure 6. For the SnS nanoplates, the
absorption in the UV range decreased and showed a maximum at
around 570 nm in the visible region. The nanoplates showed
extended absorption in the lower energy near IR region of the
spectrum. For the SnS nanocubes, a wide range absorption was
observed from UV to 600 nm wavelength, and the absorption
dropped abruptly without meaningful absorption in the near IR
region (Figure S4). These results suggest that the wide UV-vis-Near
IR absorption of the nanoplates can be utilized for the development
of near-infrared detectors, photoconductors, and photovoltaic
materials.

—— Nanoplates|

1.0 —— Nanocubes

0.8+
0.6+
0.4+

0.24

Abs (normalized)

0.0+
300

500 600 700

Wavelength (nm)

400 800

Figure 6. UV-vis-NIR absorption spectrum of SnS nanoplates (black)
and SnS nanocubes (red).

Conclusions

A novel synthesis is developed for the preparation of
surfactant-free SnS nanoplates in an aqueous solution. It took
advantages of the dispersion capability of the SnS nanoplates
owing to the their negative charges when dispersed in polar
solvents and the easy chemical transformation of SngO,4(OH),
into SnS crystals. DFT calculation for a vacuum environment
indicates that the Cmcm cubic phase of SnS is more stable
when the volume of nanocrystal is small, but the Pbnm
nanoplate phase is preferred as the volume of the crystal is
larger than a critical size. In synthesis, the SnS nanocubes were
obtained in the presence of PVP, however, the SnS nanoplates
were produced in pure water without any surfactant. There
might be a phase transition from the nanocubes to nanoplates
in pure water, but the formation of nanoplates were too fast
to track the possible transition. Although the thermodynamic
investigation on the nanoplate formation is left as a future
study, this simple synthetic procedure to produce surfactant-
free SnS nanoplates offers a wide range of possibilities,
especially in optical and optoelectronic applications.

J. Name., 2013, 00, 1-3 | 5
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