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ABSTRACT: While interesting and unprecedented ma-
terial characteristics of two dimensionality (2-D) layered
nanomaterials are emerging, their reliable synthetic
methodologies are not well developed. In this study we
demonstrate general applicability of synthetic protocols to
a wide range of colloidal 2-D layered transition-metal
chalcogenide (TMC) nanocrystals. As distinctly different
from other nanocrystals, we discovered that 2-D layered
TMC nanocrystals are unstable in the presence of reactive
radicals from elemental chalcogen during the crystal
formation. We first introduce the synthesis of titanium
sulfide and selenide where well-defined single crystallinity
and lateral size controllability are verified, and then such
synthetic protocols are extended to all of group IV and V
transition-metal sulfide (TiS2, ZrS2, HfS2, VS2, NbS2, and
TaS2) and selenide (TiSe2, ZrSe3, HfSe3, VSe2, NbSe2, and
TaSe2) nanocrystals. The use of appropriate chalcogen
source is found to be critical for the successful synthesis of
2-D layered TMC nanocrystals. CS2 is an efficient
chalcogen precursor for metal sulfide nanocrystals, whereas
elemental Se is appropriate for metal selenide nanocrystals.
We briefly discuss the effects of reactive radical character-
istics of elemental S and Se on the formation of 2-D
layered TMC nanocrystals.

In nanoscale regime, dimensionality is one of the critical
parameters to modulate physical and chemical properties of

nanomaterials.1 Until now, most research on dimensionality
controlled studies has been concentrated on the zero
dimensional (0-D) spheres and one-dimensional (1-D) rods
and wires.2 Two dimensionality (2-D) in nanomaterials is
emerging fast, exhibiting unexpected new phenomena which are
absent from other dimensionality.3 Beyond studies of graphene,
newly rising interest has occurred in 2-D layered transition-
metal chalcogenide (TMC) nanocrystals as a consequence of
their unique and exceptional mechanical, catalytic, optical, and
electronic properties attributed to their layered structure and
the presence of d-electrons of transition metals.4 TMC
nanocrystals are composed of highly anisotropic planar
structure with van der Waals interactions between layers.5

Such materials characteristics can also be complementary to
what is lacking from graphene, e.g., changes from indirect to
direct band gap and from metallic to semiconducting properties
are possible, which is essential for energy harvesting
applications.4,6 Moreover, modulation of size, layer thickness,
and composition can offer TMC materials a variety of unique

properties, and in the cases for early TMCs, 2H NbSe2 and 2H
TaS2 are superconductors with strong anisotropic in-plane
metallic properties, and 1T TiS2 is highly effective host material
for Li ion with small lattice expansion.6b,7

The currently known preparatory protocols for generating
TMC nanomaterials are shown in Scheme 1. A mechanical

exfoliation method is employed to prepare single or multilayers
of nanosheets through peeling of bulk materials (Scheme 1a).8

In addition, closed structural forms of quasi 0-D and 1-D
nanotubes of layered TMCs are obtained by high temperature
(>600 °C) solid−gas phase process (Scheme 1b).9 Lastly, a
solution-based colloidal synthetic route can be useful because it
has advantages, such as mild reaction conditions and easy
tunability in terms of size, composition, and monodispersity.10

Unfortunately, current synthetic methodologies utilizing
colloidal routes for formation of layered TMC nanocrystals in
a rigorous nanoscale size regime (<100 nm) are rare and only
provide partial synthetic information without systematic
applicability on a variety of TMCs (Scheme 1c).11 In this
study, we demonstrate general and highly effective synthetic
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Scheme 1. Schematic Illustration of 2-D Layered
Nanomaterialsa

a(a,b) Exfoliated nanosheets and closed 2-D materials by using
mechanical exfoliation and high-temperature gas−solid method,
respectively. (c) Free standing 2-D layered nanocrystals formed by
using colloidal synthetic method. (d) Overall schematic route of 2-D
layered nanocrystals obtained from different chalcogen precursors
(CS2, S, and Se). CS2 and Se are suitable chalcogen precursors, while S
is not a proper chalcogen precursor for the formation of TMCs (M =
transition metals, x = 4 or 5).
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protocols for all of the early transition-metal (group IV and V)
chalcogenide (sulfide and selenide) nanocrystals via the
reaction of metal chloride and carbon disulfide (CS2) or
elemental Se in the presence of oleylamine under mild
conditions (Scheme 1d).
We introduce TiS2 and TiSe2 as representative cases to find

out optimal synthetic conditions for 2-D layered TMC
nanocrystals. Elemental S is selected as a chalcogen source
since it has been widely utilized in the synthesis of metal sulfide
nanocrystals of other dimensionality, such as spheres and
rods.12 We find that TiS2 nanocrystals obtained by using
elemental S are not satisfactory and in poor quality in terms of
size, shape, and crystallinity according to TEM and XRD
analyses (Figure S1). We discover that the generation of highly
reactive radicals from elemental S during the reaction promotes
degradation of the structural integrity of 2-D layered nano-
crystals (vide infra). In order to avoid reactive radical
formation, CS2 is chosen as an alternative chalcogen precursor
with a slight modification of previous report.13 When TiCl4 (2.0
mmol) and CS2 (6.6 mmol) are reacted in oleylamine (11.2
mmol) at 300 °C, excellent quality TiS2 nanocrystals are
obtained via in situ generation of H2S as an intermediate
reactant (Figure 1a) (vide infra).14 TEM analysis reveals that
the obtained TiS2 nanocrystal has a disc shape with a 100 nm
lateral size and a 10 nm thickness with excellent crystallinity
(Figure 1b,c). HRTEM image of the edge shows that a TiS2
nanocrystal is composed of (001) layers with an interplanar
spacing of 5.7 Å (Figure 1c). Each layer of TiS2 comprises S−
Ti−S triatomic layers corresponding to 1T−TiS2 (Figure 1d).

For 2-D layered nanostructures, both thickness and lateral size
significantly affect materials properties, but so far most research
has been focused on the thickness control via exfoliation
techniques4a,6a,8 with challenges on the lateral size control.11a,15

Consequently, it is significant that the methodology described
above can be readily used to control the lateral size of TiS2
nanocrystals by adjusting reactant concentration (Figures 1e
and S1B).16 One of the reasons of such an anisotropic growth is
the large difference of surface energies of 1T layered
nanostructures, including TiS2 where (100) and (010) surfaces
exhibit higher surface energy than that of (001) surfaces
(Figure 1f).16b A described synthetic method of TiS2
nanocrystal is readily applicable to other group V and IV
transition-metal sulfide nanocrystals such as VS2, NbS2, TaS2,
ZrS2,

11a and HfS2 (Figures 2 and S2 and details in SI).

In contrast with problems associated with the use of
elemental S in the synthesis of metal sulfides, elemental Se
can be employed to prepare group IV and V metal selenide
nanocrystals. The reason for this resides in the fact that the
elemental Se generates relatively mild radical species compared
to its S counterpart (vide infra). In addition, other potential Se
precursors, such as CSe2, are not suitable due to high toxicity
and poor stability.17 In fact, a previous report shows that
elemental Se can be an effective source for NbSe2.

11b The
reaction scheme used for generation of the TiSe2 nanocrystals is

Figure 1. Synthesis of TiS2 nanocrystals. (a) Chemical reactions for
TiS2. (b) Low-magnification TEM image. (c) Side-view HRTEM
image and FFT patterns (inset) of a TiS2 nanocrystal. (d) Visualization
of TiS2 using a ball and stick model to illustrate the 2-D layered
nanocrystal composed of trigonal structure (1T) (gray, titanium;
yellow, sulfur). (e) Size-controlled synthesis of TiS2 nanocrystals: (i−
iv) TEM images with different lateral sizes: (i) 150 (σ ≈ 13%), (ii) 100
(σ ≈ 14%), (iii) 60 (σ ≈ 14%), and (iv) 40 nm (σ ≈ 17%). (f)
Schematic illustration of anisotropic growth.

Figure 2. Generalized synthesis of group V and IV transition-metal
sulfide nanocrystals. (a−e) Illustration of shape of 2-D layered metal
sulfide nanocrystals. TEM images of (a′) VS2 (18 ± 2.2 nm), (b′)
NbS2 (100 ± 30 nm), (c′) TaS2 (120 ± 23 nm), (d′) ZrS2 (20 ± 2.1
nm), and (e′) HfS2 (20 ± 2.8 nm). (a″−e″) Top and (a‴−e‴) side-
view HRTEM images of metal sulfide nanocrystals. (f) Schematic
illustration of 1T (VS2, ZrS2, and HfS2) and 2H (NbS2 and TaS2)
structures.
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displayed in Figure 3a. TEM analysis shows TiSe2 nanocrystals
having a lateral size of 250 nm (σ ≈ 29%) and a thickness of 30

nm (σ ≈ 7%) (Figure 3b−d). XRD patterns correspond to
hexagonal structure of P3̅m1 1T-type TiSe2 (Figure 3e).
HRTEM images contain lattice fringes of 1.8, 3.1, and 6.0 Å for
the (110), (100), and (001) planes, respectively (Figure 3f,g).
In addition, regular hexagonal patterns seen in the FFT of
HRTEM lattice images indicate a single crystallinity of TiSe2
nanocrystal (Figure 3f,g inset). This protocol for TiSe2
nanocrystal is successfully extended to other group IV and V
transition-metal selenide nanocrystals, including ZrSe3, HfSe3,
VSe2, NbSe2, and TaSe2 (Figures S3,S4 and details in SI).
The results summarized above demonstrate that appropriate

chalcogen precursor is critical in order to carry out successful
synthesis of 2-D layered TMC nanocrystals. Although
elemental S has been used for the synthesis of various metal
sulfide nanocrystals, it is inappropriate to the generation of 2-D
layered metal sulfide nanocrystals. In contrast, the use of
elemental Se is quite effective for the formation of high-quality
2-D layered TMC nanocrystals. In an electron paramagnetic
resonance (EPR) study, we observe that heating elemental S
and Se in oleylamine leads to production of radical species. In
contrast, no radical species are formed when CS2 in oleylamine
is heated (Figure 4a). We explore the effects of radicals on the
stability of 2-D layered TMC nanocrystals. When exposed to
highly reactive radical species, azobisisobutyronitrile (AIBN) at
300 °C, the structural degradation of TiS2 and TiSe2 is clearly
observed (Figures 4b and S5). Similar to AIBN, sulfur radicals
also promote degradation of TiS2 nanocrystals, and Figure 4c
obviously shows the degradation of a TiS2 nanocrystal in time-
dependent manner. When AIBN is incorporated during the
TiS2 growth from CS2 precursor, the degradation of TiS2
nanocrystals is also effective. As reaction time passes from 10
to 20 and 50 min, the size distribution of TiS2 nanocrystals
becomes broader compared to the case when AIBN is absent
(Figure 4d). This phenomenon is presumably a consequence of
simultaneous nanocrystal growth and degradation.
Similar to TiS2 nanocrystals, the significant degradation is

shown in TiSe2 nanocrystals with the treatment of elemental S

(0.5 mmol) at 300 °C (Figure 4e). However, no noticeable
change takes place when these nanocrystals are exposed to
elemental Se treatment (Figure 4e). These observations are
consistent with the reactivity differences of S and Se radicals,
where S radicals are known to be much more reactive.18 Thus,
highly reactive radicals arising from elemental S and AIBN
cause degradation of layered nanocrystals, but relatively less
reactive radicals generated from elemental Se do not adversely
impact the formation of high-quality metal selenide nanocryst-
als. Our observation is presumably due to the unique structural
features of 2-D layered materials with open peripheral edges
and easy internal accessibility of reactive radical species via
weak bonding between the layers.19 In contrast, no structural
degradation for closely packed solid structures, such as zinc
blende nanocrystals, is observed even in the presence reactive
radical species (Figure S6).
In conclusion, we have shown that general synthetic

protocols are possible for 2-D layered early transition-metal
sulfide and selenide nanocrystals. The group IV and V metal
sulfide and selenide nanocrystals prepared in this effort have
highly crystalline, well-defined layered structures with lateral
sizes that are <200 nm. In addition, our findings propose that
the use of appropriate chalcogen precursors is critical
component of the strategies, where CS2 is more suitable for
the formation of metal sulfide nanocrystals, while elemental Se
is proper for the generation of metal selenide nanocrystals.
Considering the fact that interest in 2-D layered TMC

Figure 3. Synthetic protocol of TiSe2 nanocrystals. (a) Reaction
equation. (b,d) Low-magnification TEM images. (c) Top view of a
TiSe2 nanocrystal. (e) XRD patterns of TiSe2 nanocrystals (JCPDS
301383). (f) Top- and (g) side-view HRTEM images and FFT
patterns (inset) of a TiSe2 nanocrystal. Figure 4. (a) EPR spectra of elemental S and Se and CS2 in oleylamine

measured at 9.6 GHz (60 K). No EPR signal is detected in an
oleylamine solution of CS2. (b) TEM images of TiS2 nanocrystals
treated with AIBN (0.5 mmol) in oleylamine at 300 °C. (c) Time-
dependent morphology changes associated with degradation of TiS2
nanocrystals treated with elemental S (0.5 mmol) at 300 °C at 0, 20,
30, and 60 min. (d) Radical (AIBN) effects on TiS2 nanocrystals
during growth processes. Size distribution histograms of TiS2
nanocrystals at 10, 20, and 50 min in the absence (red column) and
presence (gray column) of AIBN. (e) TEM images of TiSe2
nanocrystals treated with elemental S (0.5 mmol) and Se (0.5
mmol) in oleylamine at 300 °C.
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nanocrystals has become intense, the findings from our
investigation here may serve as an important guide for the
synthesis of various kinds of 2-D layered TMC nanocrystals.11
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