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Abstract: Two-dimensional (2D) lateral heterostructures have
emerged as a hot topic in the fast evolving field of advanced
functional materials , but their fabrication is challenging. The
layer-structured WS, was theoretically demonstrated to be inert
to oxidation except for the monolayer, which can be selectively
oxidized owing to the simultaneous interaction of oxygen with
both sides. Combined with the theoretical calculations, a new
method was developed for the successful construction of 2D
lateral heterostructures of WSyWO;H,O in an ambient
environment, based on a simple liquid-phase solution exfolia-
tion. These lateral heterostructures of WS/WO;H,O have
interesting properties, as indicated by enhanced photocatalytic
activity toward the degradation of methyl orange (MO).

I n the wake of the discovery of graphene,!"! a vibrant research
field has emerged around two-dimensional (2D) layered
materials, a unique class of materials that are characterized by
strong in-plane covalent bonding and weak non-covalent
bonding between layers.”! Individual, atomically thin layers
arising from the successful exfoliation of 2D layered nano-
sheets can serve as building blocks for promising heteroma-
terials with either lateral or vertical 2D heterostructures. This
approach has attracted great attention in terms of both
fundamental studies and practical applications.’! Most of the
previous studies have focused on vertical heterostructures,
which are held together by van der Waals forces, owing to
their relative simplicity of fabrication. However, lateral
heterostructures, with two materials linked by covalent
bonds, may possess potential for the development of band-
gap engineered applications such as electronics and photo-
catalysis.!"

2D lateral heterostructures based on graphene and boron
nitride (BN) were first synthesized by Levendorf et al. by
using a helium-leak-checked semiconductor-grade tube fur-
nace.’! In 2014, fabrication of transition-metal dichalcoge-
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nides (TMDCs) was conducted by chemical vapor deposition
(CVD)." The high cost resulting from the high temperature
and clean environment required during the synthesis will limit
the large-scale development of 2D lateral heterostructures.
Therefore, the search of facile fabrication methods becomes
imperative owing to the scientific interest and practical
importance.

Liquid exfoliation is simple and can be used to produce
most 2D layers.”! Considering the possibility of chemical
reactions in solution, there is more space to be explored in
a liquid-phase solution-exfoliation strategy. Supercritical
carbon dioxide (sc-CO,) has been used to assist the exfolia-
tion of layered materials,®! owing to its excellent perfor-
mance, for example, high diffusion coefficients, outstanding
wetting of surfaces, and low interfacial tension.” In this work,
we successfully exfoliated monolayer or few-layer WS, from
bulk WS, with the assistance of sc-CO,, and then partially
converted them into tungsten oxide monohydrate
(WO;-H,0) through oxidation. Finally, heterostructures of
WS,/WO5-H,O were constructed.

The results obtained from scanning electron microscopy
(SEM; Figure S1 in the Supporting Information), Raman
spectroscopy (Figure S2), photoluminescence (PL) spectros-
copy (Figure S3), and atomic force microscopy (AFM, Fig-
ure S4) confirmed the successful exfoliation of WS, nano-
sheets. Transmission electron microscopy (TEM) images and
selected-area electron diffraction (SAED) analyses are given
in Figure 1. The low-magnification TEM image (Figure 1a)
shows that the edge angle of the obtained nanosheets is 120°,

Figure 1. TEM images of the as-prepared nanosheets at 3000 rpm.
a,d) Low-magnification TEM images of the nanosheets. b,e) SAED
patterns of the region outlined by the squares in (a) and (d)
respectively. ¢, f) Filtered images of part of the HRTEM images (see
Figure S5 in the Supporting Information).
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thus suggesting that the nanosheeets preserve the character-
istic of WS, hexagonal structure. SAED (Figure 1b) further
confirms the hexagonal lattice structure. Figure 1c presents
a filtered image of the red region in Figure S5a. The atoms
exhibit an obvious hexagonal atomic arrangement, with the
spacing of adjacent lattices being 0.279 nm, which is in good
agreement with the typical (100) plane of pristine 2H-WS,.""!
Of note, there are nanosheets with orthorhombic crystal
structures (Figure S5b), as highlighted by the SAED pattern
(Figure 1e). The filtered image enclosed by the yellow square
in Figure S5b is shown in Figure 1 f, which clearly shows that
the lattice structure is consistent with WO;-H,O."Yl As shown
in Figure 1d, non-uniform contrast in the low TEM image
suggests some defects on the surface of the nanosheets,
presumably caused by an inhomogeneous dehydration pro-
cess in WO;H,O structure."'! Alternatively, the lattice
spacing of 0.347nm is assigned to the (111) plane of
WO;H,0. All these characterization results indicate the
coexistence of WS, and WO5-H,O in our devised reaction
system. Furthermore, we performed energy-dispersive spec-
troscopy (EDS) analysis on the obtained nanosheets at
3000 rpm (Figure S6). As expected, the measured molar
ratio of W/S is higher than the stoichiometric ratio of WS,,
thus further indicating that another W phase exists in the
nanosheets.

The crystal structures and the possible phase change of the
as-prepared nanosheets were examined by X-ray diffraction
(XRD, Figure 2 a) studies. Bulk WS, can be well indexed into
the well-known 2H-WS,. The sample obtained at 3000 rpm
exhibits all characteristic diffraction peaks corresponding to
2H-WS,, thus indicating that the crystal structure of 2H-WS,
is preserved during exfoliation. A striking feature in the
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Figure 2. a) XRD patterns of bulk WS, (black) and the sample nano-
sheets (red). b—d) High-resolution XPS of the as-obtained nanosheets
at binding energies corresponding to W 4f, S 2p, and O 1 s, respec-
tively. e-h) STEM image and corresponding elemental mapping
images.
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patterns is that two new peaks appear at the 260 =23.826° and
25.704°, which are attributed to orthorhombic WO;-H,O
(PDF card no. 43-0679, space group Pmnb, No. 62), which is
consistent with the SAED pattern (Figure 1¢) and the lattice
shown in Figure 1 f.

To further investigate the chemical composition, X-ray
photoelectron spectroscopy (XPS) and elemental mapping
imaging were performed. As shown in Figure 2b, peaks
located at 33.10 and 35.23 eV are ascribed to W 4f,,, W 4f;,
lines of the W atoms in a + 4 form."” The higher energies of
36.07 and 38.30 eV correspond to W 4f5, and W 4f;, peaks of
the atoms in an oxidation state of + 6, which agrees well with
the range of values reported for WO,."l The XPS data for S is
shown in Figure 2c: three components at 162.69, 163.9, and
169.3 eV are observed after curve fitting. The peaks at 162.69
and 163.9 eV can be attributed to S 2p;, and S 2p,, orbitals of
divalent sulfide ions, respectively.'¥ The third peak at
169.3 eV can be assigned to +6 S, which comes from the
oxidation of divalent sulfide ions. Meanwhile, the XPS for
O 1s was also carried out in our study (Figure 2d). A binding
energy of 530.6 eV indicates the existence of oxygen bonded
to hexavalent tungsten in WOs;H,0.'"™ The signal at
531.5eV is related to the —OH bond on the sample. The
OH group can come from from surface-adsorbed or inter-
structure water molecules inside the WO;-H,O.""! Apart from
the two peaks, a new peak appears at 532.4 eV, which can be
attributed to nonstoichometric tungsten oxides."™ A scan-
ning transmission electron microscope (STEM) image and the
corresponding elemental mapping images (Figure 2e-h)
clearly reveal the homogeneous distribution of W, S, and O
atoms over the entire nanosheets. This experimental obser-
vation is consistent with the HRTEM and EDS analyses,
which unambiguously indicate that the obtained nanosheets
contain heterostructures of WS, and WO;-H,O.

It is well known that much smaller flakes can be obtained
by centrifuging at higher rates.'" We thus prepared smaller
nanosheets by increasing the centrifugation sequentially rate
from 3000 rpm to 12000 rpm. HRTEM was performed to
confirm the phase composition and crystallinity of the
samples. The nanosheets obtained at 9000 rpm display lattice
types covering both the typical 2H-WS, and orthorhombic
WO;-H,O. Elemental mapping images further demonstrate
the formation of heterostructures (Figure S7). HRTEM of the
sample obtained at 12000 rpm is depicted in Figure 3. The
insets in Figure 3a show schematic structures of the unit cells
of WO;-H,0O and 2H-WS,. 2H-WS, exhibits hexagonal closed
packing and trigonal prismatic coordination, wherein a plane
of W atoms is sandwiched covalently between two planes of S
atoms, while the unit cell of WO5-H,O is a WO, octahedron.
The filtered images (Figure 3b and c¢) and the corresponding
FFT illustrate the two lattice types more intuitively. The
presence of uncertain lattice types between the two phases
can be assigned to the transition from 2H-WS, to WO;-H,O.

On the basis of the characterization, we propose a mech-
anism for the formation of WS,/WO;-H,O heterostructures.
First, sc-CO, can permeate easily between WS, layers to
expand the interlayer distance, which is beneficial for the
exfoliation of WS,. Then single and few-layer WS, nanosheets
are obtained (Figure 4a), and more importantly, more active
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Figure 3. TEM images of the WS,/WO;-H,O nanosheets prepared at

12000 rpm. a) HRTEM image. Inset: schematic structures of the unit
cells of WO;-H,0 and 2H-WS,. b, c) Filtered images enclosed by the

two squares in (a), respectively. Inset: the corresponding FFT.

o
2WS,+90,+4H,0=2WO,+4H,S0,

Figure 4. Schematic illustration of the fabrication of the WS,/WO;-H,0
heterostructures. a) The exfoliation process. b) Partial oxidation.

edges, which are beneficial for the further oxidation of WS,
can be exposed. Previous theoretical studies have demon-
strated that the electronic structures of monolayer WS, are
very different from multilayer ones as a consequence of the
missing interlayer interactions.!"” This raises the question of
whether the chemical reactivities of WS, with monolayer or
multilayer structures are also different. To answer this
question, the adsorption properties of O, on the top side of
monolayer and bilayer WS, were studied theoretically by
using density functional theory (DFT) with the consideration
of the van der Waals forces."™!”) It was found that the
adsorption properties are almost identical, and the dissocia-
tive adsorption is energetically preferred, with adsorption
energies of —0.374 and —0.377 ¢V for the monolayer and
bilayer models, respectively (Figure S8). Further calculation
indicates that molecular adsorption with two O atoms bonded
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to one S atom for the bilayer model is unfavorable, with the
adsorption energy being + 0.2 eV. While the specific structure
of the monolayer WS, allows oxygen to be adsorbed on both
sides simultaneously. When one O atom is adsorbed on one
side of the WS, monolayer, molecular adsorption becomes
energetically preferred, with the adsorption energy of
—0.24 eV/O,. This demonstrates that the chemical properties
of the monolayer are through the synergetic interaction of
adsorbents of oxygen atoms on both sides. Meanwhile, our
calculations indicate that the produced SO, group can be
further oxidized by O, to form SO;, with one surface oxygen
atom formed by substituting a surface sulfur atom (Fig-
ure S9). The strong reaction energy of —4.92 eV/O, suggests
that such surface substitution is thermodynamically preferred.
Therefore, monolayer WS, can be oxidized into oxides, while
the multilayer WS, remains intact during the reaction, i.e., the
2D lateral heterostructures can be produced only when the
WS, is a single layer, as illustrated in Figure 4b.

The photodegradation of MO was chosen as a probe
reaction to evaluate the photocatalytic activity of the as-
prepared WS,/WO;-H,O heterostructures. As can be seen
from Figure 5a, the MO solution could be degraded by 90 %
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Figure 5. a) Photocatalytic degradation of MO solutions in the pres-
ence of the nanosheets. b) The photocurrent response (—0.3 V bias) of
the sample nanosheets and bulk WS, in 1M H,SO, electrolyte under
visible light. ¢) Schematic diagram of charge transfer in the WS,/
WO;-H,0 heterostructures under visible light.

in 40 min under UV irradiation, while under visible-light
irradiation, more than 90% of the MO was degraded in
240 min. The degradation rates under both UV and visible
light are higher than those with bulk WS, (Figure S10c). To
explain the enhancement of the photocatalytic properties of
the heterostructures, we explored the photoelectrochemical
(PEC) behavior of the sample and bulk WS,. The WS,/
WO;-H,O electrode displays photocurrent response of 6 x
107> Acm™? under visible irradiation, which is two times
higher than that of bulk WS, (Figure 5b). The enhanced
photocurrent response is closely related to the creation of
WS,/WO;-H,O heterostructures. As shown in Figure Sc, the
potential of WS, at the conduction band (CB) minimum is
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0.42 eV vs. the normal hydrogen electrode (NHE), which is
lower than that of WO;H,O (1.26 eV),'*?7 50 electrons in the
CB of WS, can be transferred to that of WO;-H,O under
visible excitation. Furthermore, since the valence band (VB)
maximum level of WO;-H,0 is 3.51 eV, which is higher than
that of WS, (1.81 e¢V), holes in the VB of WO;-H,O can be
transferred in the opposite direction. In the end, plenty of
electrons and holes are found on the surface of WO;-H,O and
WS,, respectively. All-round efficient charge separation is
thus realized.

In summary, we have demonstrated that 2D lateral WS,/
WO5-H,O heterostructures can be fabricated with the assis-
tance of sc-CO, since only monolayer WS, is likely to be
oxidized based on our first-principles theoretical results. The
presence of heterostructures allows for long-lived electron-
hole pairs, thus resulting in enhanced photocatalytic activity
toward the degradation of MO and higher photocurrent
under visible-light irradiation. Therefore, the facile prepara-
tion method developed herein provides a general method for
obtaining photocatalytic semiconductor hybrid nanostruc-
tured materials, and it is anticipated that this method could be
extended to the preparation of other high qualified hetero-
structures.
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