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Anisotropic nonspherical nanomaterials have attracted a
special attention in material science because of their unique
chemical, physical, and optical properties, which are greatly
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affected by their shape and size."! Thus, many efforts have
been made to synthesize nanorods and nanowires.”! Com-
pared with one-dimensional (1D) structures, 2D nanomate-
rials such as nanoplates and nanodisks have been relatively
little explored and require further investigation. To date the
following nanoplates have been prepared: hexagonal®
(Co(OH),, Cu,S, SbTe,, Bi,Tes, etc.), trigonal® (Au, Ag, Pd,
Bi, Se, LaF;, etc.), square” (rare earth metals, Bi,WOq, etc.),
and circular (Ag, Co, etc.).

Over the last two decades, the chemical and physical
properties of diverse semiconductor nanocrystals have been
investigated.”” Compared to the corresponding conventional
bulk materials, semiconductor nanomaterials show unique
optical, mechanical, electronic, and catalytic properties which
are highly dependent on size and shape. Of the known
semiconductor nanomaterials, perhaps the semiconducting
metal chalcogenides have been studied most widely. In
particular, most studies have focused on II-VI quantum
dots (QDs) such as CdS, ZnS, and CdSe.®! Moreover, I-VI
QDs such as Ag,S and Cu,S have received significant
attention.”’) Compared with the semiconductor nanomaterials
mentioned above, the optical and electronic properties of
metal chalcogenides which have 1:1.5 molar ratio of metal to
chalcogenide in their unit cells have received comparatively
little attention. These include In,S;, Bi,S;, and Sb,S; nano-
crystals.!

Indium sulfide (In,S;) exists in three different crystalline
forms: a-In,S; (defect cubic), B-In,S; (defect spinel), and v-
In,S; (layered structure)."! Of these, B-In,S; is an n-type
semiconductor with a band gap of 2.0-2.3 eV and is stable
above 420°C."? Moreover, the unique luminescence proper-
ties of B-In,S; have enabled its use as a phosphor in display
devices.!®! Furthermore, its photoconductive properties!'*!
make it a promising candidate for photovoltaic applications
such as solar cells. Recently, it was reported that solar cell
devices prepared by using pB-In,S; as a buffer layer show
16.4% conversion efficiency, which is very close to that of the
standard CdS buffer layer.'”) Much effort has been made to
replace highly toxic cadmium with other metals for environ-
mental reasons.!"!

A number of synthetic methods!"” have been developed to
prepare B-In,S;, for example, direct reacting of the elements
at high temperature, heating In,0; in H,S, thermal decom-
position of organometallic precursors, and metathesis reac-
tion between InCl; and Li,S. To fabricate thin films of $-In,S;
for solar cell applications, several deposition techniques, such
as organometallic chemical deposition, spray pyrolysis, and
chemical bath deposition, have been developed.'®! B-In,S; can
also be prepared by a wet chemical approach,!”! that is, by
reaction between aqueous InCl; and H,S, (NH,),S, or NaSH;
by laser-induced formation of In,S; from sodium polysulfide
in aqueous solution; by using red light and Na,S; by forming
colloidal particles in reverse micelles; by injecting H,S into
In(ClO,); solution; by hydrothermal treatment of an acidic
sol of InCl; and Na,S; or by sonochemical synthesis from
InCl; and MeCSNH,. Recently, 3-nm (-In,S; nanocrystals
were prepared by an arrested-precipitation method using
aqueous InCl; solution and a thiol stabilizer.”” However, as
far as we are aware, the synthesis of $-In,S; in organic media
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has received little attention, although it is well recognized that
various organic surfactants can be excellent reaction media
for synthesis of high-quality nanocrystals.?!

Herein we report on the synthesis of monodisperse
hexagonal -In,S; nanoplates of 0.76-nm thickness in organic
media at high temperature by using the arrested-precipitation
method. In a typical synthesis, oleylamine was used as a
stabilizer and solvent. Anhydrous InCl; and sulfur powder
were dissolved in well-dried oleylamine (9-18 mL), and the
mixture was then heated to 215°C and held at this temper-
ature for 1 h. A bright yellow precipitate formed during the
aging step. The TEM images of these precipitates revealed
hexagonal nanoparticles (Figure 1a—c). More detailled TEM
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Figure 1. TEM images of a) 63-nm, b) 45-nm, and c) 33-nm f-In,S;
nanoplates; d) side view of nanoplates; and histograms illustrating the
particle size distributions for e) 63-nm, f) 45-nm, g) 33-nm, and h) 22-
nm f-In,S; nanoplates.

investigation showed the synthesized nanoparticles to have a
hexagonal plate form. Side views of these plates were
obtained on grids, and high-resolution (HR) TEM revealed
a plate thickness of 0.76 nm (Figure 1d), which makes them,
as far as we are aware, the thinnest nanoplates known.*

Moreover, by changing the concentration of the precursor
in oleylamine, we were able to control the size of these
hexagonal nanoplates, as shown in Figures la—c and e-h.
Using 0.10M precursor solution, we obtained 63-nm hexago-
nal nanoplates, and when its concentration was reduced to
0.050M, the nanoplate size decreased to 45 nm. Also we
obtained 33- and 22-nm hexagonal nanoplates using 0.025M
and 0.00125Mm precursor solutions, respectively. Interestingly,
the nanoplate thickness remained constant throughout the
above experiments, and this implies that growth along one
plane is much slower than along the others. Unfortunately,
numerous trials to determine the retarded-growth direction
by HRTEM were unsuccessful because of the extreme
thinness of the plates. However, we could get some informa-
tion about this retarded-growth direction from X-ray diffrac-
tion patterns.

Figure 2 shows representative powder X-ray diffraction
(XRD) and electron diffraction (ED) patterns of 33-nm
hexagonal nanoplates. The powder XRD patterns revealed
three sharp peaks at 27.2, 47.9, and 55.8° originating from
(109), (400), and (533), which are very close to those reported
for -In,S; (JCPDS card 25-390).! From the Debye-Scherrer
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Figure 2. Powder XRD (left) and ED (right) patterns of 33-nm In,S;
nanoplates.

equation, the size of the nanoplates was calculated to be
37 nm from the half-width of the (400) diffraction peak, which
is consistent with the size determined by TEM. We could not
find the (220) and (309) diffraction peaks, which were
expected at 32 and 44° correspondingly. According to a
library spectrum®! of bulk -In,S;, the (220) and (309) peaks
should be of high intensity. Thus, we suggest that the retarded
growth direction may be related to these two lattice planes.
The ED pattern shows two broad diffraction circles, which
correspond to d spacings of 3.10 and 1.94 A, respectively.
These are consistent with the literature values of 3.241 and
1.912 A originating from the (109) and (400) reflections of f-
In,S;.»

To confirm the chemical stoichiometry of the synthesized
nanoplates, we performed energy dispersive spectroscopy
(EDS) for indium and sulfur on four samples. All samples
showed In:S=1:1.5 (see Supporting Information for EDS
spectra of all samples). Figure 3 shows a representative EDS
spectrum of 45-nm nanoplates. It is noteworthy that In,S;
remained the sole product when the amount of sulfur was
reduced to 0.075 equivalents versus indium.
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Figure 3. a) EDS and b) UV/Vis absorption spectra of 45-nm In,S;
nanoplates, inset: photo of sample.

We carried out UV/Vis absorption and photolumines-
cence (PL) studies to investigate the optical properties of the
ultrathin hexagonal nanoplates. Dispersed hexane solutions
of nanoplates had a slightly luminescent yellow color (inset in
Figure 3b). Figure 3b shows a representative UV/Vis absorp-
tion spectrum of 45-nm hexagonal nanoplates. Compared to
the absorption peak of 3.0-nm nanoparticles,? that of 45-nm
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nanoplates was red-shifted by 30 nm. In addition, the UV/Vis
spectra of nanoplates showed a steplike shape, which was
mentioned to be an indicator of conduction and valence band
transition in B-In,S;.* Interestingly, we observed no signifi-
cant differences between the UV/Vis spectra of 63-, 45-, 33-,
and 22-nm nanoplates (see Supporting Information for UV/
Vis spectra of 63-, 45-, and 22-nm nanoplates), which implies
that the sizes (22-63 nm) of the nanoplates are beyond the
quantum confinement range. Detailed optical characteriza-
tions including emission, quantum yields, and decay kinetics
will be reported elsewhere. In addition, the electrolumines-
cence properties of nanoplates will be characterized after
layering on indium tin oxide (ITO)/glass by the Langmuir—
Blodgett technique.

For applications in various optical devices, including solar
cells, thin-film fabrication techniques are needed."™ Since the
hexagonal nanoplates are extremely thin, we believe that
these nanomaterials can be used as building blocks to prepare
subnanometer films by self-assembly. The high surface area of
the 2D nanoplates, as compared with 0D or 1D nanomaterials,
is interesting from the aspect of self-assembly behavior.
Recently, the formation of spherelike macrostructures by self-
assembly of hexagonal nanoplates was reported.*!

Hexagonal In,S; nanoplates showed two self-assembly
patterns in TEM studies: parallel alignment to a solid support
and upright alignment due to interactions with other nano-
plates. Interestingly, these self-assembly behaviors depend on
nanoplate size and concentration. When nanoplate size was
reduced from 63 to 22 nm, upright alignment was favored, and
when the concentration of nanoplates in the mother solution
was reduced, parallel alignment was favorable, as sketched in
Figure 4.
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Figure 4. Sketch of size-dependent self-assembly of In,S; nanoplates.
a) Parallel alignment and b) upright alignment.

The 63-nm nanoplates showed a preference toward
parallel alignment to a solid support (Figure Sa), and we
also observed a regular parallel packing structure (Figure 5b).
For 45-nm nanoplates, the self-assembly process was strongly
concentration dependent. When we used a dilute solution (ca.
5 mg of nanoplates in 2 mL of dichloromethane) to induce
self-assembly by drop casting on a grid, we observed
substantial parallel alignment to the solid support (Figure 5c).
In some regions of the grid, we observed both parallel and
upright alignments of 45-nm nanoplates (Figure 5d). When
we used a relatively concentrated sample of 45-nm nanoplates
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Figure 5. TEM images of a,b) parallel-aligned 63-nm nanoplates, c—
f) 45-nm nanoplates at relatively low (c,d) and high (e,f) concentra-
tion, and g, h) 33-nm nanoplates at relatively high concentration;

i) low-angle powder XRD pattern of self-assembled 45-nm nanoplates.

(ca.20 mg in 1 mL of dichloromethane), we observed upright
alignment in almost all regions (Figure Se,f. In the case of 33-
and 22-nm nanoplates, the upright alignment was strongly
favored. It can be speculated that this behavior is due to
greater attraction between larger nanoplates and the carbon
film on the grid. Interestingly, more hexagonal nanoplates
which are perpendicular to the surface of the grid (parallel to
electron beam of the TEM) were observed for 33- and 22-nm
nanoplates. (Figure 5g,h) Using HRTEM, we measured the
thicknesses of and the distances between aligned nanoplates.
The inside distance between two aligned nanoplates was
about 1.3 nm and nanoplate thickness was 0.76 nm. (Fig-
ure 1d) Low-angle powder XRD studies also provided
information about distances in the self-assembled structures.
The two peaks in the low-angle XRD pattern in Figure 5i
correspond to 2.7 and 1.3 nm, which agree well with the
results of HRTEM studies. This understanding of the self-
assembly behavior of nanoplates could be helpful for future
applications of these materials to photovoltaic devices.

In conclusion, we have synthesized ultrathin hexagonal f3-
In,S; nanoplates of unprecedented thinness by an arrested-
precipitation method from organic media and characterized
them using TEM, powder XRD, and EDS studies. These
nanoplates showed intriguing optical properties and self-
assembly behavior. 3-In,S; is a common material for solar cell
applications,'” and many efforts have been made to fabricate
this material in thin-film form on a suitable support. The {3-
In,S; nanoplates are 0.76 nm thick and show size- and
concentration-dependent self-assembly behavior. We are
now trying to assemble a monolayer on a solid support such
as ITO. We believe that these self-assembling nanoplates can
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be used for the development of diverse ultrathin nano-
devices, ! such as solar cells.

Experimental Section

All spectroscopic studies were performed on as-prepared nanoplates
without employing any size-selection process. TEM and HRTEM
images were recorded with a JEOL 2100F unit operated at 200 kV.
The self-assembly of nanoplates was carried out on carbon-coated
copper grids by drop casting nanoplates dispersed in dichlorome-
thane. EDS was preformed on a FE-SEM (JSM6700F). Powder XRD
patterns were obtained on a Rigaku MAX-2200 with filtered Cug,
radiation. UV/Vis absorption spectra of hexagonal nanoplates were
recorded on a Jasco V-500 spectrophotometer. For UV/Vis experi-
ments, solutions of 4 mg of nanoplates in hexane (HPLC grade,
Burdick & Jackson, 100 mL) were used.

In a typical synthetic procedure, anhydrous InCl; and 1.5 equiv-
alents of sulfur powder were added to 9-18 mL of oleylamine. After
heating the mixture at 110°C for 1 h, the temperature was increased to
215°C and held for 1 h. After cooling the solution to 35°C, methanol
was added to the reaction mixture and the precipitate formed was
retrieved by centrifugation. After repeating this washing procedure
twice, the obtained precipitates were dried under vacuum. Using 0.10,
0.050, 0.025, 0.0125Mm solutions of indium chloride in oleylamine, we
obtained 63-, 45-, 33-, and 22-nm hexagonal nanoplates.
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