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C
olloidal nanosheets comprise an im-
portant class of two-dimensional
crystals that underpin a large number

of diverse applications.1�4 For example,
colloidal nanosheets serve as building
blocks that facilitate the construction of thin
film, composite, and multilayer architectures
for applications that include batteries,5 solar
cells,6,7 catalysts,8,9 and structurally rein-
forced polymers.10,11 Multicomponent nano-
sheet assemblies couple semiconductors,
catalysts, magnets, and plasmonic nanopar-
ticles for multifunctional applications such
asmagnetically alignableoptical crystals12,13

and photocatalytic water splitting archi-
tectures.14,15 Colloidal nanosheets also per-
mit fundamental studies of dimension-de-
pendent physical phenomena, which can
lead to new and unanticipated properties
and applications. A recent example of this
is graphene, where the two-dimensional
nanosheet structure directly underpins its
unique electronic properties and its di-
verse applications.4,16 A large number of
chalcogenide and oxide nanosheets have
been used to probe dimension-dependent
optical,17�20 electrical,21�23 magnetic,24,25

and superconducting26 properties, and they
have also been exploited in a diverse range
of applications that include solar energy
conversion,27 Li ion batteries,5,28,29 and di-
electric films.22 For these reasons, control-
ling the characteristic features of colloidal
nanosheets;their edge dimensions, lateral
uniformity, and thicknesses;is critically
important.
The most common synthetic routes to col-

loidal nanosheets includeexfoliationof layered
solids,1,2,21 direct chemical synthesis using col-
loidal and solvothermal methods,30�36 and
two-dimensional oriented attachment of col-
loidal nanocrystals.37�40 Exfoliation strategies,

which typically involve the intercalation and
subsequent delamination of two-dimen-
sionally bonded bulk crystallites, generally
yield single- or multilayer colloidal nano-
sheets with irregularly faceted edges and
nonuniform lateral dimensions that range
from less than 100 nm to greater than
1 μm.21 Colloidal routes can produce nano-
sheets directly in solution, typically for com-
pounds that adopt layered crystal struc-
tures. This is accomplished by using surface
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ABSTRACT The availability of high-quality colloidal nanosheets underpins a diverse range of

applications and investigations into dimension-dependent physical properties. To facilitate this,

synthetic methods that yield single-crystal colloidal nanosheets with regular shapes, uniform lateral

dimensions, and tunable thicknesses are critically important. Most strategies that yield colloidal

nanosheets achieve some, but not all, of these morphological characteristics. Here, we describe a

synthetic pathway that generates colloidal nanosheets of SnSe with uniform lateral dimensions and

tunable thicknesses. SnSe represents an excellent prototype system for studying the formation of

colloidal nanosheets because of its layered crystal structure and the growing interest in its potential

application as an absorption layer in low-cost photovoltaic devices. Freestanding colloidal SnSe

nanosheets were synthesized by slowly heating a one-pot reaction mixture of SnCl2, oleylamine,

trioctylphosphine selenide (TOP-Se), and hexamethyldisilazane (HMDS) to 240 �C. The SnSe

nanostructures adopt a uniform square-like morphology with lateral dimensions of approximately

500 nm�500 nm, and the average nanosheet thicknesses can be tuned from approximately 10 to

40 nm by adjusting the concentrations of the SnCl2 and TOP-Se reagents. Aliquot studies reveal

fundamental insights into how the nanosheets form: they first “grow out” laterally via coalescence

of individual nanoparticle building blocks to yield a single-crystal nanosheet template and then

“grow up” vertically (through nanoparticle attachment to the nanosheet template) in a pseudo

layer-by-layer fashion. Vertical growth is therefore limited, and can be controlled, by reagent

concentration. Drop-cast films of the SnSe nanosheets are photoactive and have a bandgap of

approximately 1 eV. These studies, demonstrated for SnSe but potentially applicable to other

systems, establish a straightforward pathway for tuning the thicknesses of colloidal nanosheets

while maintaining lateral uniformity.

KEYWORDS: colloidal nanosheets . nanoparticle synthesis . nanoparticle coalescence .
reaction pathway studies . narrow bandgap semiconductors . tin selenide (SnSe)
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stabilizing ligands that permit lateral growth while
truncating vertical growth along the stacking axis of
the crystal.31 Colloidal nanosheets have been synthe-
sized by such direct chemical synthesis methods in a
diverse range of materials systems, including CdSe,32

FeSe,33 ZrS2,
34 Pd,35 and WS2.

36 Materials that do not
have a layered crystal structure often have no intrinsic
driving force for 2D anisotropic growth. In these cases,
colloidal nanosheets sometimes form via the 2D or-
iented attachment of preformed nanocrystal building
blocks;41�43 representative examples include CdTe,38

PbS,39 and CeO2.
40

Tin selenide, SnSe, is an attractivemodel system for
studying the formation of colloidal nanosheets.44�54

SnSe adopts a layered GeS-type crystal structure that
facilitates two-dimensional growth.44 As part of a
larger family of IV�VI semiconductors that includes
SnS,55�57 GeS,58 and GeSe,59 SnSe is also emerging as
an important narrow bandgap semiconductor that is
of interest as a light absorption layer in solution-
processed solar cells and near-infrared optoelectro-
nic devices.45 It has a large absorption coefficient
and a bandgap that overlaps well with the solar
spectrum.46,47 SnSe is also viewed as a less toxic
and more environmentally responsible alternative
to related narrow bandgap nanoparticles that con-
tain lead or cadmium.45 Colloidal nanostructures of
narrow bandgap semiconductors, including SnSe,
can be solution processed using relatively simple
methods that include drop casting, spin coating,
and inkjet printing.60 This can facilitate inexpensive
fabrication of cheap optoelectronic devices and also
permit deposition onto flexible substrates.61 For
SnSe, quasi-spherical and irregularly shaped colloidal
nanoparticles have been reported, but rigorous mor-
phological control is rare.48�50

Here, we report the direct one-pot chemical synthe-
sis of colloidal SnSe nanosheets with average dimen-
sions on the order of 500 nm � 500 nm and with
thicknesses that are tunable between approximately
10 and 40 nm. In addition to being a rare example of
uniform single-crystal nanosheets in this size range,
we also provide important insights into how the
nanosheets form and how their thicknesses can be
tuned while maintaining lateral uniformity. To our
knowledge, a unified synthetic strategy that permits
systematic tuning of colloidal nanosheet thickness
has not been demonstrated previously. Such capabil-
ities are important for effectively utilizing two-dimen-
sional nanostructures in applications that include
catalysis,3,15 optoelectronics,2,4 and spintronics,16,21

and it also underpins our ability to fully probe and
understand quantum size effects in two-dimensional
nanostructures. Our findings also help to merge the
oriented attachment and surfactant-mediated strate-
gies for nanosheet formation and provide guidelines
for controlling the synthesis of large two-dimensional

colloidal nanostructures. The colloidal SnSe nano-
sheets are photoactive and have bandgaps near∼1.0 eV,
which is close to the ideal energy formaximumabsorption
of incident solar radiation.

RESULTS AND DISCUSSION

Synthesis of Colloidal SnSe Nanosheets. Colloidal SnSe
nanosheets were synthesized by slowly heating a one-
pot reaction mixture of SnCl2, oleylamine, TOP-Se, and
HMDS to 240 �C andholding for 30min. Representative
transmission electron microscopy (TEM) images of the
SnSe nanosheets, formed using 40 mg of SnCl2, are
shown in Figure 1, panels a and b. The nanosheets
form as highly uniform square-like structures, and this

Figure 1. (a) Large-area TEM image of SnSe nanosheets
with corresponding size distribution histogram (inset), (b)
higher-magnification image highlighting the uniform
square-like morphology, and electron diffraction patterns
of (c) a single nanosheet and (d) an ensemble of sheets.
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morphology persists throughout the bulk of the sam-
ple. Several larger-area TEM images are also shown in
the Supporting Information (Figure S1). A correspond-
ing size distribution histogram (inset to Figure 1a)
shows that the average largest-edge length is 422 (
63 nm and the average smallest-edge length is 386 (
57 nm. The electron diffraction pattern taken from an
individual nanosheet (Figure 1c) shows a spot pattern
that is consistent with a single-crystal nanosheet hav-
ing its surface normal oriented along the [100] direc-
tion. The electron diffraction pattern in Figure 1d was
taken from an ensemble of nanosheets, and the poly-
crystalline ring pattern corresponds to the GeS-type
structure of SnSe, with no additional crystalline impur-
ity phases evident.

Energy-dispersive spectroscopy (EDS) analysis also
confirms an approximate 1:1 ratio of Sn:Se, within the
error range of the technique (Figure 2a). Figure 2b
shows powder X-ray diffraction (XRD) data for a drop-
cast film and an aggregated powder sample of the
SnSe nanosheets. The powder XRD pattern for the
aggregated powder sample matches well with that of
the simulated pattern for orthorhombic GeS-type
SnSe with no observable crystalline impurities. Lattice
constants, calculated from the XRD pattern shown in
Figure 2b, are a = 11.47(8) Å (alit = 11.50 Å), b = 4.12(5)
Å (alit = 4.15 Å), and c= 4.45(1) Å (clit = 4.44 Å).62 For the
drop-cast films of SnSe nanosheets, significant pre-
ferred orientation is observed, which confirms that
the nanosheet morphology comprises the bulk of the
sample. The predominant peaks are (400) and (800),
which is consistent with a highly textured [100]-
oriented film and is also in agreement with the [100]
single-sheet orientation observed by selected area
electron diffraction (SAED) in Figure 1c.

Figure 3a shows three TEM images, at increasing
levels ofmagnification, for nanosheets that were found
stacked together to reveal a side-on view. The right-
hand inset to Figure 3a reveals a stacked structure of
nanosheets with thicknesses that range from approxi-
mately 35 to 60 nm. (As will be shown below, this
sample has the largest average thickness.) Zooming in
on a corner of a single nanosheet, the high-resolution
transmission electron microscope (HRTEM) image in
the main panel of Figure 3a shows a highly crystalline
lamellar structure. The left-hand inset to Figure 3a
shows an enlarged region of the HRTEM image in the
main panel, which highlights the double-layered crys-
tal structure that is characteristic of GeS-type SnSe:44

alternating layers with interatomic distances of 2.9 and
3.2 Å across the layers (Figure 3b). Comparing the
HRTEM image (Figure 3a) with the crystal structure of
SnSe (Figure 3b) and the electron diffraction pattern of
a single nanosheet (Figure 1c) confirms that the nano-
sheets are composed of SnSe layers that are oriented
with the surface normal along the [100] direction.
Further confirmation of this crystallographic orientation

comes from a top-down HRTEM image of a single
nanosheet (Figure 3c), which reveals lattice spacings
of 3.0 and 3.0 Å and an intersection angle of approxi-
mately 92�, which is consistent with the {011} set
of planes. This indicates that the nanosheets are bound
by {011} facets. Consistent with this, the corners of
the nanosheets do not form 90� angles, but rather

Figure 2. EDS spectrum and powder XRD patterns for
SnSe nanosheets. The EDS spectrum (a) confirms the
presence of Sn/Se in an approximate 1:1 ratio, and the XRD
pattern (b) confirms that the nanosheets correspond to
orthorhombic GeS-type SnSe with preferred orientation in
the [100] direction for drop-cast films.

Figure 3. HRTEM images of SnSe nanosheets and correla-
tion with the crystal structure: (a) three magnifications
showing a side view of stacked nanosheets, revealing the
SnSe layers that comprise the nanosheets, (b) crystal
structure of orthorhombic GeS-type SnSe showing the
atomic arrangement and key interatomic distances and
angles of the {100} and {011} set of planes, and (c) high-
and low-magnification images showing the top view of an
individual nanosheet.
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92� and 88� angles defined by the intersection of the
{011} planes (Figure 3c, inset).

Tuning the Nanosheet Thickness. Figure 4 shows repre-
sentative TEM and AFM images, along with AFM line
profile scans, for SnSe nanosheet samples prepared
using 40, 20, 15, and 10 mg of SnCl2 with all other
reaction conditions remaining constant (except for an
analogous decrease in TOP-Se concentration to main-
tain the 1:1 Sn/Se stoichiometry). On the basis of the
data in Figure 4, several observations can be made.
First, the transparency of the nanosheets with respect
to the electron beam increases systematically with a
decreasing amount of SnCl2. While this is a qualitative
observation, it suggests that the nanosheets are be-
coming thinner with decreasing SnCl2 concentration.
Consistent with this, the thinner nanosheets show a
greater tendency to buckle and fold (Supporting In-
formation, Figure S2). Second, representative AFM
images and their corresponding line scan profiles
provide a more quantitative measure of the systematic
decrease in average nanosheet thickness: ∼35 nm
when 40 mg of SnCl2 is used (Figure 4a), ∼25 nm for
20 mg of SnCl2 (Figure 4b),∼17 nm for 15 mg of SnCl2
(Figure 4c), and ∼8 nm for 10 mg of SnCl2 (Figure 4d).

Powder XRD data help further characterize the
nanosheet morphology and the systematic variation
in average nanosheet thickness, as well as confirm that
these features are representative of the bulk sample. As
shown in Figure 5a, near-perfect preferred orientation
is observed for drop-cast films of each sample. In
addition to indicating the relative phase purity of the
samples, the XRD data in Figure 5a confirm that the
two-dimensional nanosheet morphology is main-
tained in the bulk sample upon reduction of thickness.
Importantly, Figure 5b shows an overlay of the (400)
peaks for the four samples synthesized using 40, 20,
15, and 10 mg of SnCl2. (The powder XRD patterns
were acquired using the same scan rate, dwell time,
and step size, and the signal-to-noise ratio of the
background is identical for all samples.) Comparing
the full width at half-maximum for each of the peaks,
increased peak broadening as a function of decreas-
ing SnCl2 reagent concentration is evident, and this is
consistent with decreasing average nanosheet thick-
ness as the amount of SnCl2 is decreased. The nano-
sheet thicknesses as determined by Scherrer analysis
of the (400) reflection were 32, 27, 23, and 17 nm for
the samples prepared using 40, 20, 15, and 10 mg of
SnCl2, respectively. While the numbers do not exactly
match those observed by AFM, the trends are the
same, the values are comparable, and the XRD data
are able to confirm a decrease in average nanosheet
thickness with reduced reagent concentration for the
entire bulk sample. Taken together, the AFM, TEM,
and XRD data convincingly indicate a systematic
decrease in nanosheet thickness that is tunable with
Sn and Se reagent concentration, which occurs while

maintaining the nanosheet morphology and good
lateral uniformity.

Figure 4. TEM (left panels) and AFM (right panels) charac-
terization of thickness tunability in the colloidal SnSe
nanosheets, corresponding to samples prepared using
(a) 40, (b) 20, (c) 15, and (d) 10mg of SnCl2. The line profiles,
corresponding to the lines indicated in the AFM images,
highlight the progressive reduction in sheet thickness as a
function of the amount of SnCl2 used in the reaction. The
image in panel d includes a group of stacked nanosheets,
which appears white because its height is taller than that of
the maximum z-axis scale.
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Nanosheet Formation Pathway. TEM analysis of aliquots
taken during the course of a reaction helps us to
understand how the nanosheets form and why their
thicknesses can be tuned based on reagent concentra-
tion. Figure 6 shows TEM snapshots of nanosheet
formation at various stages of growth. In the earliest
stage (Figure 6a), individual nanoparticle seeds are
observed, along with small aggregates that each con-
tain an average of 5�15 particles. These small nano-
particle aggregates appear to coalesce and grow into
two-dimensional dendritic structures (Figure 6b).
Further growth, predominantly in two dimensions,
shows the continued addition of primary particles
(Figure 6c), followed by the formation of the uniform
square-like nanosheet structures that are observed as
the primary products (Figure 6d). Interestingly, once
lateral growth has defined the square-like nanosheet
morphology, we see evidence of vertical growth that
generally maintains the lateral dimensions while in-
creasing the thickness (Figure 6e�h). Lateral growth
appears to continue on the surface of the preformed
nanosheets (Figure 6e�g), mimicking the initial stages

of two-dimensional (2D) growth observed in Figure 6a,
b. Apparently, the initial 2D nanostructure acts as a
template for the growth of subsequent layers, which
suggests that the nanosheets “grow out” laterally and
then “grow up” vertically.

HRTEM studies provide further insights into the
nanosheet growth process (Figure 7). In the early stages
of growth, analogous to that shown in Figure 6b,
a representative HRTEM image shows crystalline
SnSe nanoparticles of approximately 2�4 nm in dia-
meter that are agglomerated and fused together into
an irregularly shaped 2D structure (Figure 7a). The
orientations of the constituent particles appear random
(as confirmed by the fast Fourier transform (FFT) image
shown in Supporting Information, Figure S3), indicating

Figure 5. Panel a shows powder XRD patterns for drop-cast
films of the SnSe nanosheets, and panel b shows an overlay
of the (400) peak to highlight the increased peak broad-
ening as the nanosheet thickness decreases. The 40, 20, 15,
and 10 mg samples are shown as black, blue, red, and
green patterns (ordered from top to bottom with
decreasing sheet thickness), respectively.

Figure 6. TEM images of aliquots taken during the forma-
tion of the SnSe nanosheets, highlighting (a,b) initial nu-
cleation, agglomeration, and coalescence of nanoparticle
seeds into two-dimensional dendritic nanostructures, (c,d)
lateral growth via nanoparticle attachment resulting in a
uniform square-like nanosheet morphology, and (e�h)
layer-by-layer vertical growth that produces a final single-
crystalline nanosheet. Scale bars are 100 nm.
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that a polycrystalline 2D nanostructure forms first,
followed by a transition to a single-crystal nanosheet.
This is analogous to the formation pathway recently
proposed for nanosheets of ceria,40 which involved the
sintering and reorientation of a polycrystalline CeO2

nanosheet initially formed via nanoparticle aggrega-
tion, and is also related to the formation of free-stand-
ing CdTe nanosheets by the self-assembly of CdTe
nanocrystals in solution.38 As the nanosheet continues
to grow, additional nanoparticle attachment occurs,
and while the nanosheet remains polycrystalline
(Supporting Information, Figure S4), larger domains of
oriented particles are beginning to form (Figure 7b).

Figure 7c shows a representative HRTEM image of a
fully formed SnSe nanosheet with evidence of nano-
particles beginning to attach to the nanosheet surface
to facilitate vertical growth. Two observations are
particularly important. First, the fully formed nano-
sheet (the “background”) is now single-crystalline,
as evidenced by the coherence of the lattice fringes
across the entire nanosheet (Supporting Information,
Figure S5). Apparently, the constituent nanoparticles
of the polycrystalline nanosheet have coalesced and

recrystallized to form a single crystal nanosheet. The
lattice spacings (d = 3.0 Å) matchwell with the {011} set
of planes in the SnSe crystal structure,which is consistent
with the [100] nanosheet orientation observed earlier by
XRD and TEM. Second, the nanoparticles that attach to
the nanosheet surface show a preference for epitaxial
alignment (Figure 7c), suggesting that oriented at-
tachmentmay be involved in vertical growth.41,63 This
is consistent with the data presented in Figure 6,
which suggested that vertical growth commences
primarily after lateral growth is complete. Once lateral
and vertical growth is complete, a single crystal
nanosheet of SnSe is formed (Figure 7d and Support-
ing Information, Figure S6).

Collectively, the HRTEM data provide important
insights into how the single crystal SnSe nanosheets
form. Initially, individual SnSe nanoparticles nucleate,
aggregate, and coalesce to form thin two-dimensional
single crystal nanosheets via a polycrystalline nano-
sheet intermediate (Figure 6a-d). While some addi-
tional lateral growth is likely to occur, vertical growth
becomes predominant, possibly via the oriented at-
tachment of nanoparticles to the nanosheet surface

Figure 7. HRTEM images highlighting the SnSe nanosheets at different stages of growth: (a,b) initial growth stages showing
the attachment of randomly oriented nanoparticle building blocks, (c) epitaxial alignment of nanoparticle seeds on a
preformed crystalline nanosheet template and subsequent growth via nanoparticle attachment, and (d) single-crystal
nanosheet in the final stage of growth. Scale bars for main panel images (high-magnification) are 5 nm. Scale bars for images
located in the insets (low-magnification) are 50 nm. The red boxes in each bottom-right inset correspond to the enlarged
regions shown in themain panels. The blue boxes in eachmain panel correspond to the enlarged regions shown in the upper-
right insets.
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through epitaxial alignment (Figure 7c). This vertical
growth continues, in a pseudo layer-by-layer fashion,
until all of the available SnSe feedstock is consumed
(Figure 6e�h). Thus, when lower concentrations of
SnCl2 and TOP-Se are used, fewer SnSe layers form,
and vertical growth stops sooner due to a limited
supply of the SnSe feedstock. Therefore, thicker nano-
sheets will result from higher reagent concentrations
and thinner nanosheets will result from lower reagent
concentrations (Figures 4 and 5). The factors that
influence the lateral dimensions are not yet fully under-
stood. However, they appear to be largely indepen-
dent of reagent concentration and more closely
correlated with the variables that influence initial
growth, for example, reaction temperature and the
organic/molecular species present. This is similar to the
factors that have been identified to influence the
lateral growth of smaller CdSe nanosheets.32

Optical Properties of SnSe Nanosheets. Diffuse reflec-
tance data (Figure 8) were obtained from drop-cast
films of the SnSe nanosheets on a glass substrate
(Supporting Information, Figure S7). The onset of
absorption was found to be in the near-infrared

region at approximately 1350 nm.51 To determine
the indirect and direct bandgap values, Kubelka�
Munk transformations were performed.64 A plot of
[F(R)hν]2 versus energy indicates a direct bandgap of
∼1 eV (Figure 8b), and a plot of [F(R)hν]1/2 versus

energy indicates an indirect bandgap of ∼0.90 eV
(Figure 8c). Both of these values are consistent with
previous studies of the direct and indirect bandgap
energies for SnSe.46,51,52 Although not optimized, a
film of SnSe nanosheets on FTO (which consists of the
as-synthesized nanosheets that contain long-chain
alkylamine stabilizers on their surfaces) showed a
clear photoswitching response under light and dark
conditions. These results indicate that drop-cast films
of the SnSe nanosheets are photoactive with band-
gaps that may make them appropriate, with further
optimization, for potential applications in near-IR
optoelectronic devices including multijunction solar
cells,45,48,52 radiation detectors,53,65 and electrical and
memory switching devices.54

CONCLUSIONS

Two-dimensional colloidal nanosheets of SnSe have
been made using a simple one-pot solution chemistry
reaction. TEM studies reveal that the nanosheets adopt
a square-like morphology with uniform lateral dimen-
sions on the order of ∼500 nm � 500 nm. TEM, AFM,
and XRD studies collectively confirm that the
nanosheet thickness can be tuned from approximately
10 to 40 nm, and this is accomplished while maintain-
ing the nanosheet morphology and lateral uniformity.
Importantly, studies of the nanosheet formation path-
way suggest that lateral growth occurs first, followed
by subsequent growth in the vertical direction. There-
fore, when the reaction mixture had a limited amount
of available Sn and Se reagents (e.g., at lower reagent
concentrations), growth in the vertical direction was
limited and thinner nanosheets were formed. These
insights into how the nanosheets form offer important
clues for precisely controlling and tuning colloidal
nanosheet thicknesses while maintaining lateral uni-
formity. While demonstrated for SnSe, these insights
may have important implications for other technolo-
gically relevant oxide and chalcogenide semiconduc-
tor systems, helping to guide efforts in the synthesis
and optimization of nanosheets with controlled di-
mensions for applications that include photocatalysis,
photovoltaics, and field-effect transistors.60,65�67

MATERIALS AND METHODS
Materials. Tin(II) chloride (SnCl2, 99%) and selenium powder

(99þ%) were purchased from Alfa Aesar, oleylamine (>40%)
was purchased from TCI America, and tri-n-octylphosphine
(TOP, 90% tech.) and hexamethyldisilazane (HMDS, >99%)

were purchased from Aldrich. Oleylamine and tri-n-octylphosphine
were degassed prior to their use, and all other chemicals were
used as received. All syntheses were carried out under Ar using
standard Schlenk techniques, and workup procedures were
performed in air.

Figure 8. (a) Diffuse reflectance spectrum for SnSe na-
nosheets. Direct and indirect bandgaps were determined
from plots of [F(R)hν]2 and [F(R)hν]1/2 vs energy, shown
in panels b and c, respectively.
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Characterization. Powder XRD data were collected using a
Bruker D8 Advance X-ray diffractometer equipped with Cu KR
radiation. TEM images and SAEDpatternswere obtained using a
JEOL 1200 EX II TEMoperating at 80 kV. HRTEM imaging and EDS
analyses were performed on a JEOL-2010 LaB6 TEMmicroscope
operating at 200 kV. Samples were prepared by suspending the
washed crystallites in toluene and drop-casting onto Formvar-
coated copper TEM grids. Reflectance measurements were
collected on a Perkin-Elmer Lambda 950 spectrophotometer
equipped with a 150 mm integrating sphere. Samples were
prepared by drop-casting a concentrated solution of the sheets
onto a glass substrate to form a thick film. Scanning electron
microscope (SEM) images were collected using a JEOL JSM 5400
SEM. Atomic force microscope (AFM) images were collected
using a Dimension Instruments 3100 AFM equipped with PPP-
NCHR tapping mode AFM tips from Nanosensors.

Synthesis. A 1 M TOP-Se stock solution was prepared by
dissolving 790 mg (10 mmol) of selenium powder in 10 mL of
TOP and sonicating until a clear colorless solutionwas obtained.
In a typical synthesis of SnSe nanosheets, 40 mg (0.21 mmol) of
SnCl2 and 20 mL (∼60 mmol) of oleylamine were added to a
20 mL scintillation vial and sonicated until a clear colorless
solution was obtained. This solution was then added to a 3-neck
round-bottom flask fitted with a condenser, thermometer
adapter, thermometer, and rubber septum. Next, 0.22 mL of
the 1 M TOP-Se stock solution and 1 mL (4.71 mmol) of
hexamethyldisilazane (HMDS) were also added and stirred for
15 min. Finally, the solution was slowly heated to 240 �C at∼10
�C/min, resulting in the formation of a black-colored solution.
This solutionwas allowed to age for 30min and thenwas rapidly
cooled by removing the reaction flask from the heating mantle.
The samples prepared using 20, 15, and 10 mg of SnCl2 were
prepared using an identical procedure to the one above except
that 0.11 mL, 0.080 mL, and 0.053 mL of the 1 M TOP-Se stock
solution was used to give the appropriate 1:1 Sn/Se ratio,
respectively. The SnSe nanosheets were precipitated by adding
30 mL of a 3:1:1 acetone/hexane/toluene mixture and then
centrifuged at 12 000 rpm for 10min. The obtained powder was
washed three times with a 1:1 toluene/ethanol mixture with
centrifugation in between each wash. The product could then
be suspended in toluene, ethanol, or methanol for further
characterization with dispersibility of the nanosheets lasting
for approximately 10 min.
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