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Two-Dimensional Nanosheet Crystals**

Jung-wook Seo, Young-wook Jun, Seung-won Park, Hyunsoo Nah, Taeho Moon,
Byungwoo Park, Jin-Gyu Kim, Youn Joong Kim, and Jinwoo Cheon*

Two-dimensional crystals, which possess a nanoscale dimen-
sion only in the c axis and have infinite length in the plane,
have been emerging as important new materials owing to
their unique properties and potential applications in areas
ranging from electronics to catalysis.'! In particular, recent
developments of 2D nanosheet crystals such as stable
graphene and transition-metal chalcogenides (TMCs) have
sparked new discoveries in condensed-matter physics and
electronics.”) Further miniaturization of these 2D structures
by lateral confinements can potentially bring not only the
modulation of electron-transport phenomena!” but also the
enhancement of their 2D host capabilities which arise from
the enlarged surface area and improved diffusion processes
upon the intercalation of guest molecules.”! However, syn-
thetic routes for such laterally confined 2D crystals, especially
for TMCs, have been challenging since they are unstable and
immediately scroll up into closed structures such as quasi-0D
onions or 1D tubes owing to increased peripheral dangling
bonds.’

Herein, we have developed an entirely new “shape-
transformation” concept that proceeds by a rolling out of 1D
tungsten oxide nanorods for the fabrication of laterally
confined (less than 100 nm) 2D WS, nanosheet crystals.
Here, a surfactant-assisted low-temperature (lower than
350°C) solution process is also critical in stabilizing 2D
nanosheet structures as opposed to conventional high-tem-
perature (higher than 700°C) gas—solid routes which yield
only 0D or 1D structures.'>"" Our 2D WS, nanosheet crystals
are synthesized from tungsten oxide (W;gO,) nanorods!'>!*!
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in the presence of carbon disulfide in hot hexadecylamine
solution.

Figure 1a shows an overview of our shape-transformation
scheme for the generation of 2D WS, nanosheet crystals from
the tungsten oxide rods. The reaction between the carbon
disulfide and hexadecylamine generates insitu hydrogen
disulfide and hexadecylisothiocyanate via N-hexadecyldithio-
carbamate as a transient species [Eq. (1); see also Figures S1
and S2 in the Supporting Information], and subsequent
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Figure 1. 2D WS, nanosheet crystal formation through rolling-out
shape-transformation processes of 1D W30, nanorod precursors.

a) Schematic diagram for the synthesis of 2D WS, nanosheet crystals.
b) TEM image of W30, nanorod precursors. c—e) TEM images of 2D
WS, obtained with the reaction times 10 min (c), 30 min (d), and 1 h
(e) after the CS, injection. f) XRD analyses of the WS, single (top) and
stacked (bottom) nanosheet crystals (red lines: JCPDS reference card
no. 08-0237).
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reaction between the 1D tungsten oxide rods and hydrogen
disulfide leads to their sulfidation.!'!*!

As the sulfidation reaction proceeds, WS, is continuously
unrolled to form a single-sheet structure from cylindrical
tungsten oxide owing to the strains built from two heteroge-
neous phases. The resulting single sheets of 2D WS, further
assemble together through van der Waals interactions to form
stable bundles composed of multiple WS, single sheets. This
process from single sheet to bundle formation is clearly
observed by the transmission electron microscopic (TEM)
images of 2D WS, obtained as the reaction proceeds
(Figure 1c—e). After 1h, the resulting 2D WS, nanosheet
crystals are composed of approximately six single sheets
(Figure 1e). The shape-transformation processes seem to be
facilitated by the use of a nanoscale rod precursor with
enhanced reactivity as compared to the bulk material."”!

The XRD patterns support the TEM results. The overall
shape of the peaks is asymmetric, which is a characteristic
feature associated with 2D nanosheet structures.’”*'! While
the (100) and (110) peaks for the ab plane are highly intense,
the (002) peak for the caxis is either absent (arrow in
Figure 1f, top) or weak (arrow in Figure 1f, bottom). This
result indicates that our 2D nanosheet crystals produced at
the initial stage are single sheets and are gradually assembled
to form the multiply stacked structures.

Figure 2 shows a different view of the multiply stacked
WS, nanosheet crystals, whereby both the vertically stacked
sheets and planar shapes are observed. In general, viewing
planar structures can be difficult because some structures are
oriented parallel to the TEM grid while others are perpen-
dicular. In our case, rotating the TEM holder stage along the
[001] direction of the nanosheets shows that the vertically
stacked sheets are indeed made up of stacked 2D sheets
(Figure 2d—f). The overall size of the 2D WS, nanosheet
crystals obtained is a length of 40 nm (standard deviation (o)
~16%) and a width of 35nm (0=&14%) when precursor
tungsten oxide nanorods with a length of 30 nm (o~15%)
and a diameter of 5 nm (0~12 %) are used.

The high-resolution TEM crystallographic analyses show
vertically stacked nanosheet crystals composed of approx-
imately six single WS, (002) layers with an interplanar spacing
of 6.2 A and periodic arrays of (100) planes with a spacing of
2.7 A (Figure 2b). In the planar orientation, lattice fringes
with interplanar spacings of 2.7 A and 1.6 A are clearly
observed, corresponding to the (100) and (110) planes of the
hexagonal (2H-type) WS,, respectively (Figure 2¢). Selected
area electron diffraction (SAED) studies show patterns
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Figure 2. TEM analyses of 2D WS, nanosheet crystals. a) Low-magnifi-
cation TEM image of 2D WS, nanosheet crystals (n=6). High-
resolution TEM images of vertically aligned (b) and planar (c) nano-
sheet crystals. d)—f) TEM images obtained by rotating the TEM holder
stage.

corresponding to the (002) and (100) reflections from the
vertically stacked nanosheets and the (100) and (110)
reflections of hexagonal WS, from planar nanosheets, respec-
tively (insets of Figure 2b,c). Our analyses of WS, nanosheets
with different orientations reveal these nanoparticles to be
single-crystalline 2H-type WS, with hexagonal symmetry. Our
proposed rolling-out mechanism is supported in part by the
lateral size change of the 2D WS, nanosheet crystals when
tungsten oxide nanorods with different lengths are used.
When long tungsten oxide nanorods (ca.75nm) with a
diameter of about 5nm are used, the resulting 2D WS,
nanosheet crystals have a length of about 85 nm (Fig-
ure 3a,b). The length in this case is roughly doubled
compared to that of the nanosheets (ca.40 nm) obtained
from short tungsten oxide rods (ca.30 nm) with the same
diameter of about 5 nm (Figure 3¢,d).

Owing to their unique morphologies of finite in-plane
sizes (less than 100 nm) and well-defined layered structures, it
is expected that laterally confined 2D nanosheet crystals can
significantly enhance the host capabilities of active electrode
materials. As opposed to the large planar structure of bulk
WS,, numerously divided modular 2D nanosheet crystals can
possess excellent physicochemical properties arising from a
highly enhanced surface area and easier accessibilities of
guest molecules (Figure 4a). For example, the surface area of
our 2D WS, nanosheet crystals is 37.2 m*g~", which is about
14.6 times higher than that of bulk WS, (2.5m’g™), as
determined by Brunauer—-Emmett-Teller (BET) N, adsorp-
tion—desorption isotherms (see the Supporting Information,
Figure S3). Such large surface area and the enhanced
diffusion accessibility of Li ions through the widely open
edges of the 2D nanosheet crystals make higher charge/
discharge capacity possible (Figure 4a). When electrochem-
ical properties of the nanosheet crystals were measured by
fabricating coin-type half cells (2016 type) consisting of
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Figure 3. TEM images of two differently sized 2D WS, nanosheet
crystals obtained by shape transformation of long (ca. 5 nmx75 nm)
and short (ca. 5 nmx30 nm) tungsten oxide nanorods. Nanosheet
crystals of about 85 nm in length (b) are obtained from long tungsten
oxide nanorods (a), while nanosheet crystals of about 40 nm in length
(d) are observed from short tungsten oxide nanorods (c).

80wt% 2D WS, nanosheet crystals, the first reversible
discharge capacity was 377 mAhg !, corresponding to an
intercalation of 3.5 mol of lithium ions per mol of WS,
(Figure 4b). Our nanosheet crystals show highly reversible
electrochemical properties and stable cycling performance in
30 tested cycles (Figure 4c). Also, the observed discharge
capacity of 2D nanosheet crystals is significantly higher
(ca. 5.8 times) than that of bulk WS,.*”!

In summary, we have developed a unique, simple, and
versatile shape-transformation route which can provide high-
quality 2D nanosheet crystals with nanoscale lateral dimen-
sions (less than 100 nm). Along with a large surface area, the
finite lateral size and enhanced open-edge morphology of the
2D nanosheet crystals play a significant role in retaining a
higher intercalation capacity, which enables them to be
excellent electrode materials. Our 2D nanosheet crystals
can be useful as swellable modular host materials for various
applications requiring a large density and fast intercalation
processes, including host-guest intercalations, high-perfor-
mance catalysis, and energy storage.

Experimental Section

Materials and instruments: All chemicals were purchased from
Aldrich and all were used as received. Tungsten oxide nanorods
were prepared following methods in the literature.'>'*) TEM and
high-resolution TEM analyses were performed on a JEOL-JEM 2100
at 200kV or on a JEOL-ARM1300S at 1250 kV. X-ray diffraction
studies were conducted using a Rigaku D/MAX-RB equipped with a
graphite-monochromated Cuy, radiation source (40kV, 120 mA).
Mass spectrometry and GC-MS of reaction by-products were
conducted on a Finnigan MAT 271 and JEOL-JIMS600 (EI+
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Figure 4. Electrochemical properties of 2D WS, nanosheet crystals for
Li ion batteries. a) Schematic representation of the Li ion intercalation
process in 2D WS, nanosheet crystals. b) Cell-voltage profiles of 2D
WS, nanosheet crystals during the 1st, 2nd, 5th, 10th, and 30th cycles
between 5 mV and 2.0 V. c) Cycle-life performance (charge (@) and
discharge (0) vs. cycle number) of the 2D WS, nanosheet crystals,
which is cycled up to the 30th cycle under constant-current conditions
(100 mAg™).

mode). The surface area of the 2D WS, nanosheet crystals was
measured on an ASAP 2400 (Micromeritics, N, gas).

Synthesis of 2D WS, nanosheet crystals: Tungsten oxide nanorods
(40 mg) and hexadecylamine (1.45 g, 6 mmol) were added to a 50-mL
three-neck round-bottom flask under argon. The reaction mixture
was first heated to 100°C for 1 hr in vacuum to remove impurities
such as water, and then was subsequently heated to 250°C. The
sulfidation reaction was initiated by injecting carbon disulfide
(0.12 mL, 2 mmol), and the resulting solution was further heated to
330°C. During the reaction, the initially blue solution gradually
became dark brown, and the reaction was stopped by removing the
heating source after 1 hr. Variation of the growth time (e.g. 10 min
and 30 min) was also performed to obtain single- and multiple-
layered (2-3 layers) nanosheet crystals, respectively. The resulting
solution was cooled to room temperature and treated with acetone
(20 mL) to precipitate dark brown nanoparticles (26 mg) which were
then redispersed in toluene (5 mL). The obtained nanoparticles
possess high colloidal stability in various organic solvents such as
toluene, hexane, and dichloromethane over one month. With the
same experimental procedures, a scaled-up synthesis of 2D WS,
nanosheet crystals was performed using tungsten oxide nanorods
(400 mg), hexadecylamine (7.24 g, 30 mmol), and CS, (0.6 mL,
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10 mmol). The scaled-up procedure produced approximately 240 mg
of the WS, nanosheet crystals.

Electrochemical properties of 2D WS, nanosheet crystals:
Cycling tests were performed using coin-type half cells (2016 type)
with a Li counterelectrode. WS, nanosheet crystals were annealed
before use at 750°C for 1h to remove any organic species. The
working electrode was composed of 80 wt % WS, nanosheet crystals,
10 wt % Super P carbon black, and 10 wt % polyvinylidene fluoride.
A solution of LiPF; (1m) in ethylene carbonate/diethylene carbonate
(1:1 v/v) was used as the electrolyte. The cells were discharged from
the initial open-circuit voltage to 5 mV, and cycled between 5 mV and
2 V after the first discharge. The cycling tests were performed under
constant-current conditions (100 mA g~') for up to 30 cycles.
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