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A B S T R A C T

Two-dimensional (2D) metal dichalcogenide nanomaterials have been receiving enormous research interest for
electronic, optoelectronic, and catalytic applications. However, the facile tunability of alloying and doping, as
well as the successful formation of ideal defect-free nanoplate morphology have been hardly achieved for 2D
nanomaterials. Herein, we successfully synthesized a series of 2D solid-solution SnSxSe2�x particles of
0.20–2.00 μm width and 30–68 nm thickness with morphological defect-free nanoplate via a solvothermal reac-
tion. With controlled reactivities of elemental chalcogen precursors, a co-surfactant hexylamine together with a
structure-directing agent polyvinylpyrrolidone was found to be essential for realizing ideal defect-free nanoplate
morphology of SnSxSe2�x particles without either cabbage-like or twinned structure. The successful synthesis of
morphologically defect-free SnSxSe2�x nanoplates with rationally controlled energy band gaps ranging from
1.36 eV for SnSe2 to 1.96 eV for SnS2 could provide promising materials for electronics, optoelectronics, and
electrocatalytic applications.
1. Introduction

The size, composition, and morphology of functional nanomaterials
have been intensively investigated to optimize their material properties
and processing conditions such as the band-gap, catalytic activity, elec-
tronic transport, dispersion stability, and mechanical strength [1–6]. For
example, zero-dimensional (0D) metal nanoparticles or one-dimensional
(1D) nanowires are commercially available for low-cost printed elec-
tronics, catalysis, and transparent conductive electrodes [7–9]. Recently,
two-dimensional (2D) nanomaterials, such as graphene, black phospho-
rous, and transition metal dichalcogenide (MoS2, MoSe2, WS2, WSe2,
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etc.) with mechanical flexibility, high carrier mobility, tunable bandgap,
and facile redox chemical activity have shown promising electronic,
optoelectronic, thermoelectric, energy-storage, and catalytic properties
[10–17]. In addition to their promising intrinsic properties, the nanoscale
2D morphology allows efficient surface contact, ability to act like a
spontaneous building block, and selective chemical functionality be-
tween the basal plane and edge sites [18–20]. Among diverse 2D mate-
rials, 2D metal dichalcogenide nanomaterials have especially received
huge attention for application in thin-film transistors, flexible electrodes,
secondary battery anodes, photocatalysts, and electrocatalysts, owing to
their high electron mobility, sizeable bandgap, high conductivity, facile
6974, Republic of Korea.
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lithium intercalation, and promising catalytic activity [21–23].
Different top-down and bottom-up synthetic approaches have been

demonstrated for fabricating various metal chalcogenides such as MoS2,
MoSe2, MoTe2, NbSe2, Bi2Se3, and Bi2Te3 [24]. Although the top-down
methods, such as mechanical exfoliation from a bulk crystal, facilitate
facile dispersion of nanoplates in an appropriate solvent or high-quality
single crystalline nanoplate on a substrate, which is suitable for study-
ing their intrinsic physical and chemical properties, lack of control over
lateral size, thickness, and chemical functionalities renders the method
unsuitable for further scalable synthesis and achieving finely tuned ma-
terial properties. As an alternative method, the solution-based bottom-up
approach provides soft chemical pathways for facile large-scale produc-
tion of metal chalcogenide nanoplates with precise morphological con-
trol, surface functionalization with appropriate ligands, composition
control, doping, and metastable phase formation [25–28]. For example,
Bi2Se3 and Bi2Te3 nanoplates were synthesized with a thickness of
6–15 nm and lateral size of 0.5–3 μm for flexible infrared transparent
conductive electrodes [29]. The surface modification of MoS2 nanoplates
enabled them to function as a highly active photocatalyst [30].
Furthermore, the recent development in in-plane superlattice nano-
structure has led to an unconventional strategy of electronic structure
control for electronic, optoelectronic, and renewable energy applications
[31].

Although various synthetic methods have been demonstrated for
metal chalcogenide nanoplates, the rational control of alloying and/or
doping toward the chemical modification of metal chalcogenide nano-
plates is still challenging. The differences between the precursor re-
activities and thermodynamic stabilities generally induce self-
purification or inhomogeneous reactions within the nanomaterials,
which hinder fine control of the composition and morphology, and the
associated properties such as the bandgap, electrical doping, charge
transport, thermal conductivity, and catalytic activity [32–35]. Despite
the synthetic challenges, physical and chemical properties of a few
alloyed semiconductor metal chalcogenide nanoplates, such as
MoSe2�xSx, WSe2�xSx, and Bi2Se3�xTex, have been widely studied with
their large-scale bottom-up synthesis [36–38]. In particular, MoSe2�xSx
nanoplates have been intensively studied for achieving optimized carrier
transport, tunable photosensitivity, and enhanced photocatalytic prop-
erty [39,40]. Further, doping of transition metals (Co, Fe, Nb) or
non-metal light elements (N, C) into MoS2 has led to significantly
enhanced light absorption and photocatalytic activity [41,42]. Similar to
MoQ2 (Q¼ S, Se), SnQ2 having an earth-abundant and non-toxic
elemental composition also exhibits a 2D layered structure. With prom-
ising electronic, optoelectronic, and photocatalytic properties, the
alloying and doping of SnQ2 nanoplates have been intensively investi-
gated toward their application in thin film transistors, solar cells, artifi-
cial photosynthesis, and even secondary ion battery electrodes [43–45].

Despite the advantage of their fascinating electronic, optoelectronic,
electrochemical, and photocatalytic properties, there are only a few re-
ports on the synthesis of SnQ2 (Q¼ S, Se) and its alloys with precisely
controlled 2D morphology. With the complex interplay of reaction pa-
rameters, such as the appropriate choice of surfactant, reactivity of the
precursors, reaction temperature, growth time, and molar concentration
of the reactants, a reaction toward SnQ2 synthesis could easily yield
nanoparticles or cabbage-shaped particles instead of the intended 2D
particles. Typically, an insufficient amount of the directing agent or
excess directing agent on the nanoplate surface could lead to new seed
sites or passivate the growth site, respectively. Moreover, the amount of
the surfactant, such as polyvinylpyrrolidone (PVP), polyethylene oxide
(PEO), and oleylamine, could significantly affect the morphology of the
obtained nanomaterial. As reported previously, changing the molar ratio
of PVP used as a stabilizer induces a morphological transformation of Ag
nanoparticles into triangular nanoplates [46]. Further, synthesizing a
solid-solution material such as SnSxSe2�x with homogeneous
morphology by retaining the stoichiometry is much more difficult. The
diverse reaction kinetics of the source materials and different native
2

stabilities of the precursors (SnS2 or SnSe2) could induce incoherent
formation of the sulfide and selenide component, thus easily leading to
the formation of a mixed phase of SnS2 and SnSe2. The controlled syn-
thesis of nanoplate, while maintaining its precise 2D morphology is still a
challenge in materials synthesis.

Here, we report the synthesis of SnQ2 (Q¼ S, Se) and its alloys via a
facile solvothermal reaction. Although there a few reports on the indi-
vidual synthesis of SnS2 or SnSe2 nanoplate, to the best of our knowledge,
there is no report on the synthesis of tin chalcogenide with tunable sulfur
to selenium ratio while maintaining the 2D morphology. The successful
synthesis of the SnSxSe2�x nanoplates with tunable composition was
achieved by optimizing the reaction conditions and incorporating hex-
ylamine as a co-directing agent with PVP. The prepared SnSxSe2�x
nanoplates, with 0.20–2.00 μm width and 30–68 nm thickness, show
good crystallinity without any significant structural imperfections, as
confirmed by transmission electron microscopy (TEM) and X-ray
diffraction (XRD). Further, a gradual XRD peak shift to low angles,
decrease in the optical bandgap were observed with increasing Se
content.

2. Experimental

2.1. Reagents

Tin(II) chloride (SnCl2, 98%), hexylamine (99%), selenium (Se
powder, � 99.5%), and sulfur (S powder, 98%) were purchased from
Sigma Aldrich. Polyvinylpyrrolidone (PVP, M.W. 58,000) was purchased
from Alfa Aesar. Triethylene glycol (97%) was purchased from DAE-
JUNG. All chemicals were used without further purification.

2.2. Synthesis of tin dichalcogenide nanoplates

Compositionally tunable tin dichalcogenides (SnSxSe2�x) were syn-
thesized via a simple solvothermal synthesis. First, a 20wt% stock so-
lution of polyvinylpyrrolidone (PVP) in triethylene glycol was prepared
with stirring at 70 �C for 1 h. A mixture of SnCl2 (0.5mmol) and chal-
cogen (1.0mmol) at various ratios (S:Se¼ 1:0, 3:1, 1:1, 1:3, 1:7, and 0:1),
hexylamine (0.5mmol), PVP solution (1.5 g), and triethylene glycol
(15mL) were loaded into a Teflon-lined autoclave and then stirred at
70 �C for 30min, followed by heating at 220 �C for 18 h. After that, the
mixture was cooled naturally to room temperature and the product was
washed with 25ml of acetone and centrifuged at 7000 rpm for 8min.
Finally, the precipitate was redispersed in 40ml of ethanol and centri-
fuged under the same condition, and this process was repeated twice.

2.3. Characterization

XRD patterns were collected using X’pert Pro (PANalytical,
Netherlands) with a step size of 0.020� at a scan rate of 0.4 s/step (Cu Kα:
λ¼ 1.5418 Å). Diffuse reflectance UV–Vis–near infrared spectra were
recorded using a Shimadzu UV-3600 Plus (SHIMADZU, Japan) spec-
trometer. The cell parameters were refined by using a full profile Rietveld
refinement technique [47]. Field-emission scanning electron microscope
(FE-SEM) images and energy-dispersive X-ray spectroscopy (EDX) data
were obtained at an accelerating voltage of 5 kV and 20.0 kV, respec-
tively, using SIGMA (Carl Zeiss, Germany) microscope. Transmission
electron microscopy (TEM) images and selected area electron diffraction
(SAED) patterns were obtained with a JEOL JEM-F200 microscope
operated at 200 kV.

3. Results and discussion

Various synthetic approaches have been pursued for anisotropic
nanomaterials with diverse nucleation and growth mechanisms
including intrinsically anisotropic growth, surfactant-driven growth,
oriented attachment growth, and chemical transformation [48]. In this



Fig. 1. Schematic illustrations of the morphology control of tin diselenide
(SnSe2) by changing reaction parameters such as the reaction time, PVP content,
and co-surfactant.
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work, polyvinylpyrrolidone (PVP) was judiciously selected as a
structure-directing agent to allow surfactant-driven growth of tin
dichalcogenide alloys (SnSxSe2�x, x¼ 0–2), resulting in controlled size
and morphology of the alloyed particles. During the crystal growth, PVP
preferentially attaches to specific planes, thus enabling anisotropic
growth of the crystal along non-PVP-attached planes while preventing
the aggregation of the grown nanomaterials. Furthermore, the
morphology and dispersibility of the nanomaterial can be controlled by
tuning the molecular weight of PVP [49].
3.1. Morphology control of tin diselenide (SnSe2)

It has been reported that preferential adsorption of PVP on the (001)
basal plane of SnSe2 can lead to its 2D growth [50]. Thus, in this study,
PVP (molecular weight¼ 58,000) was chosen as a structure-directing
surfactant for tuning the morphology of SnSe2 (see Fig. 1). The amount
of PVP has an important effect on the morphology of SnSe2 nanoplates
(Fig. 2 and Supporting Fig. S1). Notably, the nanoplate morphology
improved with a gradual increase in the amount of PVP from 0.25 to 1.0 g
(Fig. 2b and c) while an insufficient amount of PVP could not effectively
prevent the formation of uncontrolled cabbage- or flower-like growth of
SnSe2 (Fig. 2a and b and Supporting Figs. S1a–c). However, a further
increase in the PVP content to 1.5 g did not improve the nanoplate
morphology further, because of the formation of a twinned morphology
(Fig. 2d and Supporting Figs. S1e–f), indicating that PVP alone is not
capable of providing a complete nanoplate morphology of SnSe2, and
Fig. 2. Field-emission scanning electron microscope (FE-SEM) images of tin disele
surfactant PVP was varied as, (a) 0.25, (b) 0.75, (c) 1.00, and (d) 1.50 g with the react
(h) 36 h for a reaction carried out with 1.5 g of PVP.
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therefore, an additional structure-directing agent is required.
In addition, we also varied the reaction time from 6 h to 36 h with an

interval of 6 h to determine the optimal reaction time for obtaining the
nanoplate morphology of SnSe2 (Fig. 2 and Fig. S2) and found that
optimized nanoplate growth could be achieved with a reaction time of
18 h (Fig. 2g). While a tendency to form small nanoplates is observed
mainly due to their insufficient growth at reaction times less than 18 h
(Fig. 2e–f), cabbage-like particles are observed for a long reaction time of
>18 h (Fig. 2h and Supporting Figs. S2d–f) because an ineffective
coverage of structure-directing agent can generate nucleation sites for the
cabbage- or flower-like growth of SnSe2.

As already mentioned, complete 2D nanoplate morphology of SnSe2
could not be achieved with the use of only PVP as the structure-directing
agent; some twinned plates were observed with a sufficient amount of
PVP (1.5 g) and an optimized reaction time (18 h). For further sup-
pressing the defect-induced cabbage- or flower-like morphological
growth, it is necessary to find a co-surfactant to facilitate the formation of
nanoplate morphology. Alkyl amines are often used as a surfactant to
control the nanoparticle morphology [51]. For example, amine adsorbed
to a specific plane of a nanomaterial allows control over the morphology
and particle shapes ranging from mixed shapes (e.g., cubes and cuboc-
tahedra) to octapods could be prepared. Thus, we investigated the effect
of hexylamine as a co-surfactant on the nanoplate morphology of SnSe2.
Notably, SnSe2 attained a more perfect nanoplate shape with increasing
amount of hexylamine (Fig. 3), and twinned morphology could be hardly
observed in samples prepared in the presence of a mixture of hexylamine
and PVP (Fig. 3b–c), in significant contrast with samples prepared in the
presence of only PVP. As observed in Fig. 2, the entire surface of the
SnSe2 particles could not be fully covered by PVP, resulting in defects and
subsequent growth of a twinned structure. However, any defective sur-
face without PVP can be easily covered by hexylamine, because the latter
is a relatively smaller molecule than the former, thus enabling the for-
mation of SnSe2 particles with perfect nanoplate morphology. As shown
in Fig. 3d, hexylamine could play a crucial role as another
structure-directing agent during the crystal growth of 2D SnSe2 particles
exclusively guided by PVP.

3.2. Synthesis of SnSxSe2�x solid solution

Solid-solution SnSxSe2�x compounds do not tend to form in a
solution-chemistry method because the reaction kinetics of the formation
of SnSe2 is different from that of SnS2. Thioacetamide or thiourea are
often used as a sulfur source because it readily decomposes and quickly
releases reactive S2� ions even at a low temperature. Therefore,
nide according to the variation in the reaction parameters. The amount of the
ion time being 18 h, and the reaction time was varied as, (e) 6, (f) 12, (g) 18, and



Fig. 3. Effect of the co-surfactant on the growth of SnSe2 nanoplate. (a–c) FE-
SEM images of SnSe2 grown with varying amounts of hexylamine and 1.5 g
PVP for 18 h: (a) 0, (b) 0.3, and (c) 0.5 mmol. (d) Schematic illustration of the
proposed mechanism of action of hexylamine.
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formation of a mixture of SnSe2 and SnS2 is observed when elemental Se
powder is used together with these sulfur sources for the synthesis of
SnSxSe2�x. Further, homogeneous 2D nanoplate morphology is hardly
achieved even in case alloyed SnSxSe2�x is formed. Elemental chalcogens
(S and Se) are known to be chemically more inert than organosulfur or
organoselenium, resulting in the slower generation of chalcogen anions
with a more facile kinetic control [35,52]. In this work, we utilized
elemental S and Se powders as chalcogen sources to maintain the
morphology of 2D nanoplate as well as to adjust the reaction kinetics
between the S and Se sources. For example, elemental chalcogens (S and
Se) were thermally reduced at 220 �C to S2� or Se2� by Sn2þ and the
hydroxyl group of PVP and triethylene glycol, and then, the anionic
species formed in-situ were reacted with one oxidized Sn4þ ion, resulting
in the formation of the crystalline tin dichalcogenide alloy. Notably, as
shown in Fig. 4, SnSxSe2�x nanoplates without cabbage-like morphology
could be successfully synthesized for an entire range of Se:S molar ratio
including 1:0, 3:1, 1:1, 1:3, 1:7, and 0:1. The EDX analysis from SEM in
Table S1 confirms successful alloying of S and Se. The synergetic effect of
controlled surfactant combination with PVP and hexylamine and chal-
cogen precursor control resulted SnSxSe2�x nanoplate formation. As
shown in Fig. S3, the sole usage of hexylamine as surfactant resulted
failure of SnSxSe2�x nanoplates formation. The width of the SnSxSe2�x
nanoplates decreases with increasing molar ratio of sulfur; the width
Fig. 4. FE-SEM images of SnSxSe2�x grown at various Se:S ratios of the pre-
cursors: (a) 1:0, (b) 3:1, (c) 1:1, (d) 1:3, (e) 1:7, and (f) 0:1.
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ranged from 2 μm to 200 nm with the evolution of an irregular edge of
the nanoplate. This should be associated with a higher reactivity of S2�

than Se2�, resulting in the rapidly formation of a large number of
nucleating seeds caused by S2� so that S-rich SnSxSe2�x samples show a
large number of small particles during Ostwald ripening. In contrast,
Se2� ions tend to react more slowly, thus leading to a small number of
nucleating seeds and consequently a larger 2D nanoplate of SnSe2 than
that of SnS2.

Fig. 5a�c shows the powder X-ray diffraction (XRD) patterns of
SnSxSe2�x nanoplate powders synthesized in this work. The notations S0,
S25, S50, S75, S88, and S100 correspond to SnSxSe2�x nanoplates grown
with the Se:S ratio of the precursors of 1:0, 3:1, 1:1, 1:3, 1:7, and 0:1,
respectively. The theoretical patterns of SnS2 (PDF No. 23-602, top) and
SnSe2 (PDF No.23-677, bottom) belonging to the hexagonal P-3m1 space
group are plotted together. The XRD patterns of SnSe2 and SnS2 (Fig. 5a)
prepared in this work are in good agreement with the theoretical pat-
terns, without any impurity peaks such as SnS, SnSe, S, or Se. It is
remarkable that the diffraction peaks gradually shift to lower 2θ values
with increasing Se content in SnSxSe2�x without any peak separation
because of the smaller atomic radius of S (1.00 Å) than that of Se (1.15 Å),
thus confirming the successful formation of solid-solution SnSxSe2�x
nanoplate with a random mix of S and Se at the anionic sites. This can be
further supported by another experimental evidence: the lattice param-
eters versus S content in SnSxSe2�x follow the Vegard’s law (Fig. 5c). The
composition analysis in Table S2 with cell parameter a showed good
match with EDX result in Table S1. The relatively poor match with cell
parameter c could be attributed to facile stacking fault occurrences along
c axis during alloyed nanoplate growth [53]. The EDX analysis of
SnSxSe2�x nanoplates in Fig. S4 confirms uniform distribution of S and Se
for solid solution formation. However, the phase separation of SnS2 and
SnSe2 in SnSxSe2�x occurred when thioacetamide was used as the S
source, mainly owing to the higher reactivity of thioacetamide than that
of elemental sulfur (Fig. S5), demonstrating that the use of elemental S
and Se as the chalcogenide sources could be critical for the successful
formation of a single-phase solid-solution SnSxSe2�x nanoplate.

For further analyzing the microstructure of the samples, the S0, S50,
S75, and S100 samples were investigated by transmission electron mi-
croscopy (TEM). The low-magnification TEM images in Fig. 6 and Fig. S6
reveal the nanoplate morphologies of SnSxSe2�x particles with the widths
of S0, S50, S75, and S100 nanoplates being approximately 2 μm, 600 nm,
300 nm, and 200 nm, respectively, indicative of a decrease in the nano-
plate width with increasing S content. TEM-energy dispersive X-ray
spectroscopy (EDX) elemental maps of SnSxSe2�x nanoplates (Fig. S7)
suggest that the compositions determined by TEM-EDX are consistent
with their nominal compositions. For example, the analyzed composi-
tions of S0, S50, S75, and S100 are SnSe1.9(2), SnSe1.1(1)S0.7(1),
SnSe0.4(1)S1.4(1), and SnS2.2(1), respectively. Especially, the homogenous
distribution of S and Se in nanoscale and microscale with EDX analysis
from SEM and TEM (Figs. S4 and S7) clearly confirmed random mixture
of S and Se for solid solution formation of SnSxSe2�x nanoplates. To
elucidate the structure of the nanoplates, selected area electron diffrac-
tion (SAED) patterns of S0, S50, S75, and S100 (Fig. 6, right panel) were
collected from the nanoplates (from red circular regions shown in Fig. 6).
The SAED of SnQ2 (Q¼ S, Se) clearly shows that the crystal structure is
maintained with the particles being in the hexagonal phase, irrespective
of the nanoplate composition, whereas the lattice parameters gradually
increase with increasing Se content, from S100 to S0. We find that the
inter-spacing dð01�10Þ for (01-10) plane is consistent with the lattice

parameter a in a-axis by dð01�10Þ ¼ a
ffiffiffi

3
p

=2.
It is highly expected that the electronic band structure of SnSe2 could

be tuned via the substitution of Se with S for SnSxSe2�x. The optical band
gaps of the SnSxSe2�x nanoplate powders prepared in this work were
assessed by ultraviolet–visible–near infrared (UV–Vis–NIR) absorption
spectroscopy. The estimated optical bandgaps are 1.36, 1.47, 1.56, 1.63,
1.69 and 1.96 eV for S0, S25, S50, S75, S88, and S100, respectively



Fig. 5. Structural analysis of SnSxSe2�x 2D plates grown with varying ratios of the chalcogen sources. (a–b) Powder X-ray diffraction (PXRD) patterns over the 2θ
range of (a) 10�

–70� and (b) 25�
–45�. (c) Cell parameters for the hexagonal structure calculated from the PXRD data. (d) Analysis of the sulfur content by energy-

dispersive X-ray spectroscopy (EDX).

Fig. 6. Transmission electron microscopy (TEM) images (left) and selected area electron diffraction (SAED) patterns from red circular regions (right) of SnSxSe2�x 2D
plates: (a) S0, (b) S50, (c) S75, and (d) S100. The spacing for (01-10) plane is shown in SAED. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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(Fig. 7 and Table S3), indicating that the bandgap of the SnSxSe2�x
nanoplate increases with increasing S content. In addition, our SnSxSe2�x
nanoplates show a relatively narrower bandgap range (1.36–1.96 eV for
SnSxSe2�x) than the ranges previously reported (1.37–2.27 eV and
1.29–2.23 eV) for similar materials, which is attributed to the underes-
timation with significant absorption band tailing with S-rich nanoplates
[54,55]. The significant tailing of the UV–Vis absorption spectra of S-rich
nanoplates could be due to their poor crystallinity (Fig. 7), structural
defects, and mid-gap states induced by either nanoscale domains or
volatile S [56]. In addition, some trace amounts of impurity phase and
5

amorphous phase might be present, although no signals of impurity
phases could be observed in the XRD and EDX data. The oxidation states
of Sn, S, and Se in the prepared SnSxSe2�x nanoplates can be determined
by X-ray photoelectron spectroscopy (XPS). As shown in Fig. 8a, the
binding energies of Sn in S0, S50, and S100 samples are 486.07, 486.16,
and 486.26 eV, respectively, which match well with the value reported
for Sn4þ oxidation state in tin dichalcogenides [54,57]. This result also
indicates that the binding energy of Sn remains nearly unchanged,
mainly due to the small difference between the Sn4þ binding energies of
SnSe2 and SnS2. A negligible component of peaks corresponding to tin



Fig. 7. UV–Vis–near infrared optical absorption spectrum of SnSxSe2�x 2D plates: (a) S0, (b) S25, (c) S50, (d) S75, (e) S88, and (d) S100.

Fig. 8. X-ray photoelectron spectroscopy (XPS) analysis of (a) Sn 3d, (b) Se 3d, and (c) S 2p peaks, for SnSxSe2�x 2D plates of S0, S50, and S100.
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monochalcogenide (SnQ; Q¼ S and Se) and tin dioxide (SnO2) is also
observed in Fig. 8a. The trace amounts of SnO2 and SnQ, if any, might
have resulted from either surface contamination or loss of a volatile
chalcogen. Moreover, the XPS peaks of S and Se correspond to S2� and
Se2� oxidation states, respectively (Fig. 8b–c). Based on the XPS, XRD,
and TEM data, the considerable tailing of UV–Vis absorption spectra for
S-rich nanoplates could be attributed to structural defects.

4. Conclusions

We successfully synthesized morphologically defect-free solid-solu-
tion SnSxSe2�x nanoplates via a solvothermal reaction. We demonstrated
that the formation of SnSxSe2�x alloy nanoplate is predominantly gov-
erned by the use of S and Se powder as chalcogen sources, further
revealing that a co-structure-directing agent hexylamine as well as a key
structure-directing agent PVP are necessary for achieving ideal nanoplate
6

morphology of SnSxSe2�x. Further, we successfully demonstrated rational
tuning of the electronic bandgap by the formation of a solid solution of
SnS2 and SnSe2. The bandgap of the prepared alloy nanoplates ranged
from 1.36 eV (SnSe2) to 1.96 eV (SnS2). We believe that the solid-solution
2D nanoplate particles would be promising for electronics, electro-
chemical energy storage, and catalytic applications such as in photode-
tectors, flexible electronics, high-capacity battery anodes, and
photocatalysis.
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