Communication

JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Colloidal Synthesis of Single-Layer MSe, (M = Mo, W) Nanosheets via
Anisotropic Solution-Phase Growth Approach

Wonil _]ung,T Sujeongr Lee,’ Dongwon Yoo, Sohee _]eong,T Pere Mird,* Agnieszka Kuc,* Thomas Heine,*

and Jinwoo Cheon*

TDepartment of Chemistry, Yonsei University, Seoul 120-749, Korea

*Department of Physics and Earth Science, Jacobs University Bremen, 28759 Bremen, Germany

© Supporting Information

ABSTRACT: The generation of single-layer 2-dimen-
sional (2D) nanosheets has been challenging, especially in
solution-phase, since it requires highly anisotropic growth
processes that exclusively promote planar directionality
during nanocrystal formation. In this study, we discovered
that such selective growth pathways can be achieved by
modulating the binding affinities of coordinating capping
ligands to the edge facets of 2D layered transition-metal
chalcogenides (TMCs). Upon changing the functional
groups of the capping ligands from carboxylic acid to
alcohol and amine with accordingly modulated binding
affinities to the edges, the number of layers of nanosheets
is controlled. Single-layer MSe, (M = Mo, W) TMC
nanosheets are obtained with the use of oleic acid, while
multilayer nanosheets are formed with relatively strong
binding ligands such as oleyl alcohol and oleylamine. With
the choice of appropriate capping ligands in the 2D
anisotropic growth regime, our solution-based synthetic
method can serve a new guideline for obtaining single-
layer TMC nanosheets.

Recently, single-layer sheets of van der Waals (vdW)
transition-metal chalcogenides (TMCs), in which single
layers are held together by vdW force,' have emerged as uniquely
important nanostructures with unprecedented materials proper-
ties, analogous to graphene.” These single-layer TMCs exhibit
remarkable materials characteristics when compared to their
multilayer bulk counterpart. For example, when group VI TMC
nanomaterials become thinned to the single layer, the electronic
structure of indirect band gap in the bulk changes to direct band
gap with enhanced optoelectronic transitions.” In addition, the
excellent in-plane charge carrier mobility and giant spin-valley
coupling are some of the electronic characteristics that can enable
the high-performance capabilities of optoelectronic and
spintronic devices.*

During the past decade, solution methods have been
demonstrated as one of the most powerful synthetic approaches
for a wide range of nanostructures composed of covalent-
networks between metals and chalcogens,5 including 0-dimen-
sional (0D) quantum dots, 1-dimensional (1D) nanowires, and
2-dimensional (2D) nanosheets.® For example, CdSe nanocryst-
als have been successfully synthesized in a size- and shape-
controlled fashion from spheres®”® to platelets®* and branched
complex structures.® Even with such synthetic advances, one of
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the current challenges is the lack of proper synthetic protocols for
free-standing single-layer 2D nanosheets of vdW TMCs.”
According to the recent studies, even though solution-based
synthetic methods have provided some glimpse on the formation
of single-layer TMCs in the early stage of growth processes,®
multilayered TMCs are typically isolated as stable products.’
One most recent study shows that controlled delivery of
chalcogen source during the crystal growth processes is critical to
generate single layers of group IV TMCs such as TiS,, ZrS,, and
HfS,.'"" Even with these studies, the understanding and the
control of growth processes for single-layer TMC nanosheets are
still elusive, not to mention the lack of reliable synthetic
protocols.

In this study, we demonstrate a colloidal methodology for
single-layer nanosheets of MSe, (M = Mo, W) by exclusively
promoting their anisotropic lateral growth mode. We discovered
that the use of specific surface capping ligands with different
binding energies to the reactive edge facets of TMCs is the most
important factor to produce thickness-controlled TMCs from
multi- to single-layer. The strength of ligand binding to the given
crystallographic facet is theoretically examined to understand the
ligand-dependent anisotropic growth modes. While the roles of
capping ligands on the anisotropic growth effects for other 0D
and 1D nanostructures are well-known, this is the first
demonstration of capping ligand-driven synthetic protocol for
single-layer nanosheets of vdW TMCs.

As arepresentative case of our study, we first chose WSe,. Each
layer of WSe, is weakly bonded by vdW force and comprises a
Se—W—Se triatomic layer where tungsten (W) is covalently
bonded to six selenium (Se) atoms in a trigonal prismatic
geometry (Figure la)."' WSe, nanosheets are synthesized by
reacting tungsten hexacarbonyl (W(CO),) and diphenyl
diselenide (Ph,Se,) in the presence of capping ligand as a
solvent (Figure 1b).'> We tested three different types of capping
ligands (i.e., oleylamine, oleyl alcohol, and oleic acid) having the
same number of carbon atoms, but different terminal functional
groups. W(CO)g (0.02 mmol) is reacted with Ph,Se, (0.04
mmol) in the excess amount of capping ligand (14 mmol) at 330
°C under an Ar atmosphere. After 12 h, the reaction mixture is
cooled down and centrifuged to isolate WSe, nanosheets with
high colloidal stability when dispersed in nonpolar solvents such
as toluene (Figure S2). According to our DFT calculations, such
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Figure 1. Lateral size- and thickness-controlled synthesis of WSe, nanosheets with the use of different capping ligands. (a) Visualization of single-layer
WSe, and its trigonal prism geometry with ball-and-stick model. (b) Chemical equation for WSe, nanosheets. (c) TEM images of WSe, nanosheets
synthesized with (i) oleylamine, (ii) oleyl alcohol, and (iii) oleic acid. (i’,ii") Magnified TEM images of the nanosheets, and (iii’) pseudocolor image of
the single-layer nanosheets. (d) XRD patterns of WSe, nanosheets synthesized with (i) oleylamine, (ii) oleyl alcohol, and (iii) oleic acid. (e) UV—vis
absorption spectra of WSe, nanosheets synthesized with (i) oleylamine (purple line), (ii) oleyl alcohol (orange line), and (iii) oleic acid (red line).

high solubility is presumably due to the presence of weak vdW
interaction between the capping ligands and the solvent (Table
S2). In the case of oleylamine, 4—8 layered WSe, nanosheets
with a lateral size of ~5 nm are obtained (Figure 1c(i),(i’)). This
result is consistent with previous synthetic studies on group VI
WS, and WSe, nanosheets where multiple sheets are formed
when alkyl amines such as oleylamine or dodecylamine are
used.®!> When the capping ligand is changed to oleyl alcohol, the
lateral size of the WSe, nanosheets is increased to ~21 nm and
the number of layers is reduced to 2 or 3 (Figure 1c(ii),(ii’)).
Finally, oleic acid affords single-layer WSe, nanosheets with a
larger lateral size of 200—400 nm (Figure 1c(iii), (iii’) ). Figure 1d
shows the XRD patterns of WSe, nanosheets obtained by the
three different types of capping ligands indexed to the reflections
of bulk WSe, (red bars, JCPDS 38-1388). The gradual decline of
the (0002) reflection of the c-axis takes place as the thickness of
the WSe, nanosheets decreases, and the (0002) peak is not
observed in the single-layer WSe, nanosheets. In UV—vis
absorption spectra of the WSe, nanosheets with different
number of layers, blue-shift of excitonic peaks, such as A, B, A/,
and B’, are observed as the thickness is reduced to single layer
(Figure le). For example, an excitonic peak A, which arises from
direct gap transitions at the K point, is blue-shifted from 766 nm
(4—8 layers) to 753 nm (2—3 layers) and 743 nm (1 layer). The
observed thickness dependency of excitonic peak positions is in
good agreement with previous findings.'*

The single-layer WSe, nanosheets obtained by this synthetic
approach using oleic acid as the capping ligand are further
examined. Figure 2a shows a transmission electron microscopy
(TEM) image of WSe, nanosheets with a lateral size of 200—400
nm, and a pseudocolor image of the selected area exhibits single-
layer nanosheets with some overlap between them (Figure 2b).
Time-dependent TEM study reveals that initially generated small
(~3 nm) plate-like particles, generated within a few minutes,
continuously grow in lateral direction to 200—400 nm over the
12 h time span (Figure S3). High-resolution TEM image for the
top-view of the nanosheets shows a regular atomic arrangement
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Figure 2. Single-layer WSe, nanosheets. (a) Low-magnification TEM
image and (b) pseudocolor image of the selected area in the box of panel
a. (c) High-resolution TEM image, (d) SAED pattern, and (e) AFM
image of a single-layer WSe, nanosheet. (f) Raman spectra of bulk WSe,
(blue line) and single-layer WSe, (black line).

and lattice fringes of hexagonal patterns, along the direction of
(1010) and (1120), which correspond to the d-spacing of 2.8 and
1.6 A, respectively (Figure 2c). Selected area electron diffraction
(SAED) pattern for the single-layer WSe, nanosheets certifies
their single crystallinity (Figure 2d). Atomic force microscopy
(AFM) confirms the presence of nanosheets with a thickness of
ca. 0.92 nm (Figure 2e), which indicates single-layer WSe,."
Raman spectroscopy is a sensitive technique to monitor the
formation of single-layer TMCs. While two distinct peaks in the
Raman spectra of in-plane Eig and out-of plane Ay, are observed
at 248 and 256 cm ™!, respectively, for bulk WSe,, there is a clear
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peak shift of the Eig mode to 250 cm ™" along with a peak intensity
decrement of the A}, mode upon the formation of the silégle layer
(Figure 2f), which is consistent with previous reports."

Binding affinities of the capping ligands play a key role in
altering the anisotropic growth pattern of WSe, nanosheets, as
observed in the experiments. Such phenomenon can be
examined by the binding energy difference in the capping
ligands, which is the energy required to attach one capping ligand
to a specific facet.'” Employing density functional theory (DFT,
for computational details see Supporting Information (SI)), we
calculated the binding energies of three simplified capping
ligands (i.e., methylamine, methyl alcohol, and formic acid) with
the (1010) and (1120) facets, which are the representative edge
facets of WSe, nanosheets (Figure 3 and S1).'® The use of
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Figure 3. Structure model of the WSe, basal plane viewed from the top.
(a) The (1010) and (1120) cutting planes are shown with black lines.
Ligand binding models for methylamine to the (b) (1010) and (c)
(1120) WSe, edge facets, as viewed from the (0001) basal plane.

simplified ligand model for our calculation is based on the fact
that the binding energy between the capping ligands and the
nanosheets significantly differs by their functional groups, while
the contribution from chain length is minor to generate critical
information for interpretation of the synthetic experimental
results.

Capping ligands bind to the metal center, and the binding
energies to the (1010) edge are —1.475, —1.161, and —0.848 eV
for methylamine, methyl alcohol, and formic acid, respectively,
which indicates that methylamine has the most favorable binding
interaction, while formic acid shows the least (Table 1). Similarly,

Table 1. Calculated Binding Energies of Three Different
Capping Ligands to Edge Facets of WSe, at the PBE-D3-B]J/
TZP Level of Theory

binding energy® (eV)

capping ligand (1010) (1120)
methylamine —1.475 —1421
methyl alcohol —1.161 —0.978
formic acid —0.848 —0.780

a
Ebinding = Efacet-ligand — Epeer — Eligand'

the trend of ligand binding energies to the (1120) edge is
consistent with the one observed for the (1010) edge (Table 1).
Such results indicate that strongly bound capping ligands (ie.,
oleylamine) stabilize the edge facets and inhibit lateral growth,
while vertical growth of WSe, nanosheets will competitively
occur, leading to smaller but multilayered nanosheets. On the
contrary, oleic acid with a significantly less stabilizing effect to the
edge facets facilitates the lateral anisotropic growth, and
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eventually single-layer WSe, nanosheets are formed. Such
binding energy difference of capping ligands is well-correlated
with electron-donating ability of the ligands to the metal center in
the order of amine, alcohol, and carboxylic acid.”

Our solution synthetic method is further extended to single-
layer nanosheets of MoSe,. A mixture of molybdenum
hexacarbonyl (Mo(CO)s 0.02 mmol) and Ph,Se, (0.04
mmol) with the use of a capping ligand of oleic acid, is heated
up to 350 °C, and the reaction is maintained for 10 h. After
workup process of centrifugation, single-layer MoSe, nanosheets
with a lateral size of 200—500 nm are obtained as shown in the
TEM image (Figure 4a). An area is selected to show a clear
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Figure 4. Single-layer MoSe, nanosheets. (a) Low-magnification TEM
image and (b) pseudocolor image of the selected area in the box of panel
a. (c) High-resolution TEM image, (d) SAED pattern, and (e) AFM
image of a single-layer MoSe, nanosheet. (f) Raman spectra of bulk
MoSe, (blue line) and single-layer MoSe, (black line).

contrast between a single layer and a stacked area with a
pseudocolor image (Figure 4b). The top-view of high-resolution
TEM image shows a repeated atomic arrangement of lattice
fringes with the d-spacing of 2.8 and 1.6 A for the (1010) and
(1120) hexagonal planes of the single-layer MoSe, nanosheets
(Figure 4c). SAED pattern of the single-layer MoSe, nanosheets
confirms their single crystallinity (Figure 4d). AFM shows the
thickness of a MoSe, nanosheet (Figure 4e) with a measured
height of ca. 0.98 nm, which verifies that the product is single-
layer nanosheets. For Raman spectral analysis, the A;, mode of
single-layer MoSe, is shifted to 239 cm™" from 242 cm™" for bulk
MoSe,, which is also consistent with the previous observation
(Figure 4f).”° The XRD pattern of the single-layer MoSe,
nanosheets exhibits no peaks related to c-axis (Figure S$4).
Similar to WSe,, UV—vis absorption spectra of single-layer
MoSe, nanosheets show an excitonic peak A at 790 nm, which is
higher energy compared to the bulk MoSe, (Figure SS).

In this study, we discovered that in order to have solution
growth for single-layer 2D nanosheets of TMCs, modulation of
the surface energy with the use of proper capping ligands is
important. The functional groups of the capping ligands with
different coordinating strengths can shift the growth mode from
the exclusive lateral mode of single-layer nanosheets to mixed
modes of both lateral and vertical growth for multilayer
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nanosheets. Therefore, once suitable capping ligands for
promoting selective lateral directions are found, our approach
could be extended to a wide range of single-layer 2D nanosheets.
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Detailed theoretical methods. The Supporting Information is
available free of charge on the ACS Publications website at DOI:
10.1021/jacs.5b02772.
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