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Growth of two-dimensional rhenium disulfide
(ReS2) nanosheets with a few layers at low
temperature†
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We present an efficient growth process of rhenium disulfide (ReS2)

nanosheets with a few layers at relatively low temperature under

ambient pressure. Highly single-crystalline two-dimensional ReS2
nanostructures are obtained from a direct chemical reaction be-

tween rhenium atoms (Re) originating from the decomposition of

ReCl3 and sulfur atoms (S) on a SiO2 substrate under helium (He)

gas flow at 450 °C. The synthetic approach for the ReS2 nano-

sheets exhibits several favorable features: it is simple, cost-effec-

tive, and versatile for the development of new functional platforms

toward highly single-crystalline 2D layered materials.

Currently, transition metal dichalcogenides (TMDs) having
two-dimensional layered structures are rapidly emerging as
target materials for promising future electronic and optical
devices owing to their unique electronic and optical proper-
ties such as high carrier mobility, chemical stability, photo-
sensitivity, and mechanical flexibility.1–5 Additionally, TMDs
can be applied as efficient electrochemical catalysts for hydro-
gen evolution reaction.6 Among TMDs, interestingly, rhenium
disulphide (ReS2) has peculiar physical properties exhibiting
distinct in-plane anisotropy and a direct tunable optical band
gap between 1.4 and 1.6 eV for both bulk and monolayer
structures.7–11 Thus, it might be reasonably expected that
ReS2 layered nanostructures are good candidates for optoelec-
tronic devices, photosensitive detectors, sensors, and electro-
catalysts. On the other hand, in spite of the great interest in

ReS2 layered nanostructures, the growth of single-crystalline
ReS2 layered nanostructures was only very recently achieved
by high temperature chemical vapour deposition (CVD).11–13

Although a few recent reports dealt with the growth pro-
cess of ReS2 layered nanostructures on various substrates in
the form of nanosheets and nanoflakes at low temperature,
the preparation of high quality ReS2 layered structures, in
view of the synthetic methodology, still remains an
unexplored area.14–21 To reveal the unique physicochemical
properties of ReS2 for potential applications, it is necessary to
develop a feasible and industrially compatible growth pro-
cess. In this communication, we demonstrate a novel syn-
thetic strategy for highly single-crystalline ReS2 nanosheets
with a vertical orientation on a SiO2/Si substrate at 450 °C un-
der ambient pressure. Here the ReS2 nanosheets could be di-
rectly produced from a simple chemical reaction between
rhenium (Re) and sulfur (S) followed by crystallization on the
SiO2/Si substrate. This growth process could thus offer a fac-
ile route for preparing a few layered nanostructures of ReS2
with the benefits of low temperature and high density. To
grow the ReS2 nanosheets, first, the quartz tube in the fur-
nace was carefully flushed with the carrier gas (He) of high
purity (99.9999%) at a constant flow rate of 500 sccm (stan-
dard cubic centimetre per minute) for 5 minutes. The
SiO2(200 nm)/SiĲ001) substrate was then placed face-down
above a quartz boat with rhenium trichloride (ReCl3, Alfa
Aesar) as the rhenium source at the centre of the tube fur-
nace as shown in Fig. 1. Another quartz boat containing sul-
fur powder (Sigma-Aldrich, 99.98%) was placed at 15 cm up-
stream from the SiO2/SiĲ001) substrate, which is near the
outside edge of the heat zone in the furnace. The furnace
was heated up to 450 °C at a ramping speed of 28 °C min−1

with a helium (He) gas flow of 10 sccm and then kept for 20
minutes at 450 °C. During the growth process at 450 °C, the
temperature at the location of the sulfur powder was kept at
roughly 180 °C. Once the growth was finished, the furnace
was turned off and then naturally cooled down to room tem-
perature. The product was carefully characterized by

CrystEngComm, 2017, 19, 5341–5345 | 5341This journal is © The Royal Society of Chemistry 2017

aDepartment of Chemistry & Nano Science, Ewha Womans University, Seoul,

120-750, Korea. E-mail: myungkim@ewha.ac.kr
bDepartment of Materials Science and Engineering and Department of Energy

Systems Research, Ajou University, Suwon, 443-749, Korea
c Department of Physics, Ewha Womans University, Seoul, 120-750, Korea
dNational Institute for Nanomaterials Technology (NINT), Pohang University of

Science and Technology (POSTECH), Pohang, 790-784, Korea.

E-mail: nslee@postech.ac.kr

† Electronic supplementary information (ESI) available: Additional XPS analysis,
HRTEM images, and EDX elemental mapping analysis of the material using the
HAADF-STEM image of the highly single-crystalline ReS2 nanosheets with a few
layers. See DOI: 10.1039/c7ce00926g
‡ These authors contributed equally to this work.

Pu
bl

is
he

d 
on

 0
1 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

on
 9

/2
5/

20
24

 3
:2

9:
08

 A
M

. 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ce00926g&domain=pdf&date_stamp=2017-09-15
http://orcid.org/0000-0002-3404-2300
http://orcid.org/0000-0001-7254-2886
https://doi.org/10.1039/c7ce00926g
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE019036


5342 | CrystEngComm, 2017, 19, 5341–5345 This journal is © The Royal Society of Chemistry 2017

scanning electron microscopy (SEM), high-resolution trans-
mission electron microscopy (HR-(S)TEM, with a probe Cs-
corrector, JEM-2100F), X-ray diffraction (XRD), X-ray photo-
electron spectroscopy and Raman spectroscopy. The atomic
ratios of Re/S in the form of nanosheets were carefully inves-
tigated by energy dispersive X-ray spectroscopy (EDX).

Fig. 2 presents typical SEM and atomic force microscopy
(AFM) images of the as-grown ReS2 nanosheets at 450 °C. It
is immediately apparent that a high density of the ReS2 nano-
sheets is well grown with mostly vertical orientations on the
SiO2 substrate as shown in Fig. 2a and b. The high magnifica-

tion SEM images in Fig. 2c and d clearly show that the size of
the ReS2 nanosheets can be up to around 1 μm and their
thickness is approximately less than 10 nm. Fig. 2c and d
also indicate that the edges of the ReS2 nanosheets are
connected with other out-of-plane nanosheets. In particular,
it is reported that asymmetric crystal growth and out-of-plane
growth as shown in Fig. 2 might be favorable due to the
distorted 1T structure and weak interlayer coupling of ReS2.
Additionally, the vertical orientation of the ReS2 nanosheets
is partly attributed to the weak interaction between ReS2 and
the SiO2 substrate due to the position of the SiO2/Si substrate
with respect to the ReCl3 source as illustrated in Fig. 1. The
representative AFM image in Fig. 2e shows that the height of
a ReS2 nanosheet was measured to be 6.6 nm (along the line
scan profile of the inset), which confirms the presence of
approximately four or five layers of the ReS2 nanosheets.

16 To
reveal the influence of the growth temperature on the growth
of the ReS2 nanosheets, we have explored the growth behav-
iors at different growth temperatures as shown in Fig. S1.† As
shown in Fig. S1(a),† although the growth of the ReS2 nano-
sheets already starts at 350 °C, the size of the ReS2 nano-
sheets is too small and their morphology is not well-defined.
With the increase in growth temperature from 400 °C to 550
°C, the size of the ReS2 nanosheets gradually increases due to
the faster growth rate at higher temperature.

As seen in Fig. S1(e),† particularly, the sample grown at
550 °C presents a much higher density than that at 450 °C
and it appears in the form of a continuous thin film covering
the entire substrate. In contrast, the growth at 600 °C indi-
cates the formation of very thick flake-like ReS2 nanostruc-
tures, which represents a quite distinct morphology.

Fig. 3a shows the XRD pattern of the ReS2 nanosheets
grown at 450 °C, indicating that there are only four promi-
nent peaks at 14.80, 29.60, 44.88, and 61.82°, respectively.
The most intense peak at 14.80° is attributed to the (001)
crystallographic plane of a triclinic ReS2 crystal structure and
the lattice constant of the c axis is estimated to be 0.6282
nm, which is close to the reference value of 0.6375 nm.17–19

All other peaks match well with the (002), (003), and (004)
crystal planes belonging to the triclinic ReS2 crystal structure
(ICDD, reference number: 00-052-0818).17–19 The observation
of only (00l) reflections with all other (hkl) reflections being
absent implies that the ReS2 crystal structure is highly ori-
ented along the c axis direction. In addition, it is worth men-
tioning that the sharp characteristic indexed peaks confirm
the degree of the crystallinity of the two-dimensional layered
structures. The Raman spectrum of the as-grown ReS2 nano-
sheets was collected at 632.8 nm laser excitation as illustrated
in Fig. 3b. The series of Raman modes shown in Fig. 3b are
reasonably consistent with previously reported values for a
few layered ReS2 nanostructures.18–20 It is readily identified
that the most intense peak at 150 cm−1 is a typical first order
in-plane E2g vibrational mode, while the peak at 210 cm−1 is
a characteristic Raman mode for out-of-plane (A1g like) vibra-
tion, respectively.18 It is well described that the additional
Raman modes shown in the region of 100–400 cm−1 are

Fig. 2 Ĳa)–(d) Low and high magnification SEM images of the ReS2
nanosheets grown at 450 °C under a He carrier gas flow of 10 sccm
for 20 minutes. (e) Height profile of a ReS2 nanosheet on the SiO2/Si
substrate along the line of the inset.

Fig. 1 Schematic diagram for the growth process of the ReS2
nanosheets.
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attributed to symmetry splitting in the distorted 1T structure
of ReS2. Some satellite Raman peaks in the region of 300–400
cm−1 also originated from the second order Raman modes.19

Fig. 4 and S2† show the XPS results revealing the surface
composition and the chemical states of the elements in the
ReS2 nanosheets. Fig. S2† presents the survey spectrum of
the as-grown ReS2 nanosheets, displaying five elements such
as Re, S, Si, C, and O. It is apparent that the Si and O ele-
ments came from the SiO2 substrate while the peak of carbon
(C) originated from an environmental contaminant. The XPS
spectrum for Re 4f in Fig. 4a shows two predominant peaks
at binding energies of 42.6 eV and 45.1 eV, which are readily
assigned to the characteristic profile of the Re4+ 4f final
states consistent with literature values.19,20 The characteristic
S 2p3/2 binding energy of the divalent ion (S2−) oxidation state
is located at 163.1 eV as shown Fig. 4b. Although the region
of the core-level S 2p peaks is relatively broad in our XPS, the
peak at 164.2 eV which can be assigned to the S 2p1/2 state is

also a characteristic binding energy of the divalent ion (S2−)
in Fig. 4b.19,20 These features are thus consistent with the
XPS spectra of the exfoliated bulk ReS2 crystal. The atomic
ratio of Re/S obtained by XPS is carefully estimated at 1 : 1.98,
demonstrating that the grown ReS2 nanosheets are very much
stoichiometric.

The detailed crystallographic structure of the grown ReS2
nanosheets was carefully characterized by HR-(S)TEM and
fast Fourier transform (FFT) imaging by transferring the
ReS2 nanosheets onto a TEM grid, as shown in Fig. 5. The
Z-contrast high-angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM) image obviously in-
dicates the formation of different numbers of layered ReS2
nanosheets, represented by the relative difference in bright-
ness with distinct edges as shown in Fig. 5a and b. The top
view of the filtered Z-contrast HAADF-STEM image of ReS2
is shown in Fig. 5d. To confirm the existence of specific
crystalline planes corresponding to ReS2, a Fourier filtering
process was done as shown in Fig. 5d. Four Re atoms (rep-
resented by blue spheres in the schematics in Fig. 5d) are
arranged in a diamond-like shape, and the diamonds form
atomic chains in the b[010] direction with a spacing of 0.39

Fig. 3 Structure and composition characterization of the ReS2
nanosheets grown at 450 °C under a He carrier gas flow of 10 sccm
for 20 minutes. (a) X-ray diffraction spectrum with the triclinic ReS2
crystal structure as the reference XRD structure (ICDD, reference
number: 00-052-0818); (b) Raman spectrum measured at 632.8 nm
laser excitation. Note that the diffraction peak at 33.2° is attributed to
the (002) plane of Si on a SiO2/(001) oriented Si substrate due to multi-
ple diffractions which are essentially consecutive diffractions by differ-
ent planes.21

Fig. 4 X-ray photoelectron spectroscopy (XPS) for the ReS2 nanosheets
grown at 450 °C under a He carrier gas flow of 10 sccm for 20 minutes.
(a) and (b) The high resolution spectra for Re 4f and S 2p.
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nm between the chains. Fig. S3† presents the top view of
the filtered HRTEM image of ReS2 and the corresponding
FFT image along the [241] zone axis. These images also con-
firm the existence of specific crystalline planes correspond-
ing to the ReS2 crystal structures, indicating the highly
single-crystalline nature of the nanosheets, consistent with
XRD measurement. Furthermore, EDX elemental mapping
analysis of the material using the HAADF-STEM image
shown in Fig. S4† indicates the presence of Re and S atoms.
These atoms are homogeneously distributed within the en-
tire nanosheet structure.

EDX measurement also confirmed that the ReS2 nano-
sheets consist of only Re and S atoms. In addition, TEM-EDS
measurement in Fig. S5† indicates that the atomic ratio of
Re/S is carefully estimated at 1 : 2.22, demonstrating that the
as-grown ReS2 nanosheets are reasonably close to being stoi-
chiometric, but it is slightly higher than that of the XPS
result.

As illustrated in Fig. 1, the growth of the ReS2 nanosheets
in this study could be achieved by the direct chemical reac-
tion between Re atoms and S atoms on a SiO2 substrate
under the stream of the carrier gas (He) at 450 °C. It is
suggested that at the growth temperature (450 °C), ReCl3 in
this study can decompose into Re and Cl2 and then the Re
atoms can directly react with the S atoms on the SiO2 sub-
strate to form tiny ReS2 nuclei. The continuous feeding of Re
atoms and S atoms into the nucleation sites near the ReS2
nuclei can then lead to the two-dimensional layered structure
of ReS2 as the favorable form. In fact, the supply of Re atoms
originating from the gas phase of ReCl3 plays a critical role

in efficiently obtaining the ReS2 nanosheets with high crystal-
linity and high density. However, previous studies showed
that when ReO3 was used as the Re source in the CVD process,
the resulting ReS2 nanosheets obtained at approximately 450
°C are very amorphous with a significantly low density owing
to the formation of other rhenium containing metal oxides
such as Re2O7 and ReO2.

19,20 Thus, it was suggested that ap-
propriate temperature control and sulfur introduction time
are considerably essential for the formation of high quality
ReS2 nanosheets.

19,20 In contrast, the Re atoms in our growth
mode are obtained from the direct decomposition of ReCl3
under the flow of the carrier gas (He), thus the formation of
rhenium oxides is not favourable. Hence, the concentration of
Re atoms is appropriate for the continuous growth of many
nucleation sites of ReS2 on the SiO2 substrate.

Accordingly, we have successfully prepared highly crystal-
line ReS2 nanosheets with a few layers by a simple chemical
reaction using ReCl3 as the Re precursor and sulfur at rela-
tively low temperature compared with other reported growth
processes. The synthetic approach for the ReS2 nanosheets
exhibits several favorable features: it is simple, cost-effective,
and versatile for the development of new functional plat-
forms toward highly single-crystalline 2D layered materials.
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