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Since the discovery of carbon nanotubes in 1991,[1] great effort
has been directed toward the development of advanced
methods for the fabrication of various types of nanotubes as
a result of their unique physical/chemical properties as well as
their potential applications in a variety of fields. Novel
applications of fullerene-like MoS2 in catalysts,[2, 3] transis-
tors,[4] lubricants,[5] hydrogen storage,[6] batteries[7] and super-
capacitors[8] are driving the exploration of synthetic
approaches that enable control of its structure and morphol-
ogy.[2–9] For example, well-designed MoS2-based composite
catalysts for an efficient hydrogen-evolution reaction (HER)
were described by the Chorkendorff research group.[3a,b] Hu
and co-workers successfully developed amorphous molybde-
num sulfide films as highly effective electrocatalysts for
HER.[3f,g] Among the various structures, MoS2 nanotubes
were first synthesized by Tenne and co-workers[10] by the gas
reaction of MoO3�x and H2S under a reducing atmosphere at
elevated temperatures (800–950 8C). However, the current
methods for the preparation of MoS2 nanotubes always
require high temperatures or dangerous gases, including H2

and H2S, and a complicated procedure. Furthermore, hier-
archical nanosheet-based MoS2 nanotubes have rarely been
reported, especially for enhanced photoelectrochemical
HER.

Since the discovery of the cation-exchange reaction of
inorganic nanocrystals by the Alivisatos research group,[11]

much attention has been paid to the conversion of one
inorganic crystalline material into another through this
cation-exchange method. Further developments in the
cation-exchange reaction also enable the production of
nanoporous structures with adjustable composition.[12,13]

Very recently, inorganic–organic hybrid precursors were
found to be efficient precursors for the production of
porous or tubular inorganic materials.[14] By using inor-
ganic–organic hybrid nanosheets as the starting materials,

we developed a facile cation-exchange strategy for the
preparation of nanoporous single-crystal-like CdxZn1�xS
nanosheets[15a] and hollow CdxZn1�xSe nanoframes.[15b] Hier-
archical nanostructures have attracted increasing attention
owing to their improved catalytic properties.[16] Despite these
advances in the production of porous and tubular nano-
structures, the anion-exchange synthesis of hierarchical nano-
sheet-based nanotubes still remains challenging.

Herein, we present a facile strategy for the synthesis of
hierarchical nanosheet-based 2H-MoS2 nanotubes by an
anion-exchange reaction of the inorganic–organic hybrid
Mo3O10(C2H10N2) (ethylenediamine trimolybdate, named
MoO3–EDA herein) nanowires with l-cysteine at elevated
temperature. The dissolution of ethylenediamine (EDA) in
the solvent and the concentration-gradient-driven outward
diffusion of MoO3–EDA during the anion-exchange reaction
were found to play a key role in the formation of the
hierarchical nanosheet-based nanotubes. Furthermore, the as-
prepared hierarchical nanosheet-based MoS2 nanotubes are
highly active for electrochemical and photoelectrocatalytic
HER through water splitting under visible-light illumination.

The inorganic–organic MoO3–EDA hybrid nanowires
were synthesized by a method reported by Tang and co-
workers.[17] The as-prepared products were first examined by
scanning electron microscopy (SEM) and X-ray diffraction
(XRD). Typical SEM images (Figure 1a,b) clearly show that
the MoO3–EDA nanowires were synthesized successfully in
high yields with lengths of about 5–10 mm. The XRD pattern
(Figure 1c) identified these hybrid precursors as Mo3O10-
(C2H10N2) (named MoO3–EDA herein; ICDD: 00-058-1318).
The Fourier transform infrared transmission (FTIR) spec-
trum (see Figure S1 in the Supporting Information) inden-
tified these as-prepared precursors as inorganic–organic
hybrids, and line-scan electron energy loss spectroscopy
(EELS; Figure 1 d) further illustrated the uniform distribu-
tion of the elements Mo, O, C, and N in the nanowires and
thus suggested that the nanowire precursors were composed
of Mo, O, C, and N.

The anion-exchange reaction for the transformation of the
MoO3–EDA nanowires was carried out by heating an
aqueous solution of the hybrid nanowires as precursors and
l-cysteine as the sulfur source at 200 8C for 14 h. Upon the
reaction of the hybrid precursors with the S2� anions, which
were present in excess, the solid nanowires became hierarch-
ical nanosheet-based 1D nanostructures with the retention of
their macroscopic one-dimensional morphology (Figure 1e,f).
High-magnification SEM images (Figure 1 f,g; see also Fig-
ure S2a in the Supporting Information) revealed that the
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products of this anion-exchange reaction are composed of
nanosheets with a thickness of less than 10 nm. The SEM
image in Figure 1g and the associated line-scan energy-
dispersive X-ray (EDX) profile (Figure 1h) clearly show the
tubular character of these products, and thus indicate that the
products are hierarchical nanosheet-based nanotubes. These
nanostructures were assigned to the hexagonal phase of 2H-
MoS2 (JCPDS 37-1492) on the basis of the XRD pattern
(Figure 1 i). Moreover, the visible (002) diffraction peak
indicates the formation of a well-stacked layered structure
of MoS2 during the hydrothermal process. The point-scan

EDX spectrum (Figure 1 j) further confirmed the composition
of the products as MoS2. The FTIR spectra of the starting
materials and products also confirmed that the hybrid
precursors had been transformed into inorganic materials
(see Figure S1 in the Supporting Information). These results
imply that the anion-exchange reaction of the MoO3–EDA
hybrid nanowires with sulfur anions successfully leads to the
formation of hierarchical nanosheet-based MoS2 inorganic
nanotubes.

The morphology and structure of the hierarchical nano-
sheet-based MoS2 nanostructures were further characterized
by transmission electron microscopy (TEM), high-resolution
TEM (HRTEM), and selected-area electron diffraction
(SAED). Typical TEM images (Figure 2a; see also Figure S2b

in the Supporting Information) reveal the tubular architec-
ture of the hierarchical nanosheet-based MoS2 nanostruc-
tures, which have an internal diameter of about 200 nm. The
SAED pattern (see the inset in Figure 2a) and HRTEM
image (Figure 2 b) confirm that the units of the as-synthesized
hierarchical nanotubes are polycrystalline nanosheets. The
HRTEM image also demonstrates the well-stacked layered
structure of MoS2, with an interlayer distance of 0.62 nm.
Moreover, the pore-size distributions (see Figure S3 in the
Supporting Information) suggest that the MoS2 nanotubes
contain macropores of around 200 nm in diameter and
mesopores with a diameter of about 30 nm. On the basis of
the SEM and TEM images, these macropores are thought to
result from the tubular structure, and the mesopores originate
from the interspaces between MoS2 nanosheets. Furthermore,
scanning transmission electron microscopy (STEM) elemen-
tal mapping images (see Figure S4 in the Supporting Infor-
mation) indicated the uniform distribution of Mo and S in the
as-prepared hierarchical MoS2 nanotubes. These results
further demonstrate that the hierarchical nanosheet-based
MoS2 nanotubes can be synthesized successfully by introduc-
ing S2� anions into inorganic–organic hybrid MoO3–EDA
nanowires through an anion-exchange reaction.

To gain insight into the chemical transformation mecha-
nism underlying the generation of the hierarchical nanosheet-
based MoS2 nanotubes by the anion-exchange reaction, we
used SEM, TEM, and STEM elemental distribution to

Figure 2. a) TEM image and b) HRTEM image of a hierarchical nano-
sheet-based MoS2 nanotube. The inset in (a) is the SAED pattern of an
individual nanosheet.

Figure 1. a,b) SEM images, c) XRD pattern, and d) line-scan EELS
elemental distributions of the MoO3–EDA hybrid nanowires. e–g) SEM
images, h) line-scan SEM elemental distributions, i) XRD pattern, and
j) point-scan EDX spectrum of the hierarchical nanosheet-based MoS2

nanotubes. The inset in (d) is the image to indicate the position to
obtain the line-scan EELS profile.
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examine intermediates collected at different stages of the
reaction. Figure 3 depicts the morphological evolution of the
hierarchical nanosheet-based nanotubes from the solid hybrid
nanowires. When the anion-exchange reaction is carried out
for 6 h, the outer surface of the hybrid nanowires becomes
rough and encompasses numerous voids within the nano-
sheets (Figure 3b,e; Figure 3a,d shows the initial hybrid
nanowires for comparison), whereas the internal part of the
intermediates remains a solid inorganic–organic hybrid (Fig-
ure 3e). The line-scan EDX profile (Figure 3g) also confirms
that the reaction intermediates after 6 h are solid hybrid
nanowires with a rough outer surface composed of porous
nanosheets. When the reaction was continued for a longer
period, the bimodal distribution of Mo and S in the line-scan
EDX profiles appeared at 8 h (Figure 3h), and the signals of
C and O slowly decreased to become negligible at 8 h
(Figure 3g,h). These EDX profiles reveal the formation of
inorganic tubular MoS2 through the outward diffusion of Mo
and the following reaction with sulfur anions, as well as the
dissolution of the organic EDA component of the hybrid

wirelike precursors. A prolonged reac-
tion time for the transformation
finally led to the generation of hier-
archical nanosheet-based MoS2 nano-
tubes (Figure 3c,f,i).

On the basis of these results, we
propose that the mechanism for the
transformation of MoO3–EDA inor-
ganic–organic hybrid nanowires into
hierarchical nanosheet-based MoS2

nanotubes involves an anion-
exchange reaction of the hybrid nano-
wires and outward diffusion of the
inner hybrid MoO3–EDA, as well as
the dissolution of EDA in water (Fig-
ure 3 j). First, S2� anions formed by the
breakdown of l-cysteine at elevated
temperature slowly exchange with O2�

anions of MoO3–EDA to form MoS3

at the surface of the hybrid nanowires,
and this MoS3 is quickly reduced to
MoS2.

[19] O2� anions react with hydro-
gen cations derived from the dissoci-
ation of l-cysteine to produce H2O.
The unique layered structure of MoS2

and the dissolution of EDA ensure the
formation of porous MoS2 nanosheets
at the surface of the solid wirelike
precursors (Figure 3b,e,g). In the fol-
lowing process, the outward diffusion
of the internal MoO3–EDA to the
outer surface of the starting one-
dimensional (1D) materials, as driven
by the concentration gradient of
MoO3–EDA,[14a] provides a source of
MoO3 for further anion exchange and
the growth of the MoS2 nanosheets.
The continuous outward diffusion of
internal MoO3–EDA results in the

appearance of a hollow region inside the starting 1D materials
and some channels on the walls of these materials. When the
MoO3–EDA component has been completely transformed
into MoS2, a transformation that accompanies the dissolution
of EDA in the solvent, the inner hollow regions become
hollow tubes. Finally, kinetically stable nanosheet-based
hierarchical MoS2 nanotubes are obtained. The hierarchical
nanosheet-based MoS2 nanotubes could only be obtained
when inorganic–organic hybrid nanowires were used as the
starting materials. When inorganic MoO3 nanowires[18] were
used in place of the MoO3–EDA hybrid nanowires under
otherwise unchanged conditions, the products of anion
exchange were particle-like aggregates of MoS2 sheets with
microscale dimensions rather than nanosheet-based nano-
tubes (see Figure S5 in the Supporting Information). This
result also reveals that the presence of the organic component
EDA is significant for the synthesis of nanosheet-based
nanotubes. Our preliminary hypothesis is that the continuous
dissolution of EDA in the solvent is helpful for the outward
diffusion of MoO3 and the formation of the hierarchical

Figure 3. a–c) SEM images, d–f) TEM images, and g–i) line-scan STEM elemental distributions of
the intermediates collected after the anion-exchange reaction had proceeded for 0 h (a,d), 6 h
(b,e,g), 8 h (h), and 12 h (c,f,i). j) Schematic representation of the synthesis of hierarchical
nanosheet-based MoS2 nanotubes (HNN-MoS2; cross-section view) through the anion-exchange
reaction of the inorganic–organic MoO3–EDA hybrid nanowires with S2� at elevated temperature.
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porous structures. Furthermore, it was found that the anion
exchange is independent of the sulfur source. For example,
the reaction of the MoO3–EDA hybrid nanowires with
thiourea or thiacetamide instead of cysteine under the same
conditions also led to the formation of hierarchical nano-
sheet-based MoS2 nanotubes (see Figure S6 in the Supporting
Information).

Recently, transition-metal dichalcogenides with a layered
structure demonstrated intriguing efficiency in the conversion
of solar into electric energy and remarkable stability to
photocorrosion in a photoelectrolysis cell.[20] In this study, we
tested photoelectrocatalytic hydrogen generation by water
splitting in comparative studies of the catalytic activity of the
as-prepared hierarchical nanosheet-based MoS2 nanotubes
(HNN-MoS2) and commercial MoS2 samples (C-MoS2; see
Figure S7 in the Supporting Information). UV/Vis diffuse
reflectance spectra (Figure 4a) showed that HNN-MoS2

exhibits a broad and continuous photoabsorption range
from 420 to 800 nm, which matches the energy bandgap of
multilayered polycrystalline MoS2.

[20] Furthermore, HNN-
MoS2 has a stronger absorption ability and a wider adsorption
region than C-MoS2. Figure 4b displays the photocurrent-
density responses of HNN-MoS2 and C-MoS2 at an applied
bias of 0.6 V versus the saturated calomel reference electrode
(SCE) during repeated on/off cycles of visible-light illumina-
tion (l> 420 nm) in the presence of lactic acid[3d] (10 vol %) as
an electron donor. The photocurrent response of HNN-MoS2

was prompt, steady, and reproducible, and the short-circuit
photocurrent density was 0.09 mA cm�2 (ca. 0.67 mAmg�1),
which is nearly 9 times higher than that of C-MoS2 (Fig-
ure 4b). Moreover, the amplitude of the oscillations of HNN-
MoS2 (about 0.026 mAcm�2) was nearly 6 times than that
observed for C-MoS2 (0.0045 mA cm�2), which indicates that
HNN-MoS2 is much more sensitive than C-MoS2 to visible
light. These results reveal that the hydrogen-release rate of
HNN-MoS2 is approximately 9 times higher than that of C-
MoS2. In comparison with C-MoS2, HNN-MoS2 has many
more edges exposed to the solution; these edges have been
identified as active sites[21] for electrochemical H2 evolution.
HNN-MoS2 was also found to be highly stable under visible-
light illumination (see Figure S8b in the Supporting Informa-
tion). Thus, the as-prepared HNN-MoS2 is one of the most
promising materials for photoelectrocatalytic hydrogen evo-

lution. Electrochemical impedance spectroscopy (EIS; see
Figure S9 in the Supporting Information) indicated that the
photoelectrochemical water-splitting kinetics of the HNN-
MoS2 electrodes involve a charge-transfer process at the
electrode/electrolyte interface and the diffusion of charges
inside the electrode. The latter may be caused by the unique
hierarchical porous structure of HNN-MoS2. The improved
activity of HNN-MoS2 may be attributed to an enhanced
ability to absorb photons and the unique hierarchical porous
tubular structure of the nanosheets. Our preliminary results
also reveal that the as-prepared HNN-MoS2 exhibits better
activity towards the electrochemical HER than commercial
MoS2 samples (see Figure S10 in the Supporting Informa-
tion). We expect that the HER activity of such HNN-MoS2

nanostructures can be further improved by the decoration of
graphene or a noble metal.[3b, 22] More systematic investiga-
tions are needed for a better understanding of the improved
activity of HNN-MoS2 for photoelectrochemical water split-
ting.

In summary, we have demonstrated a facile synthesis of
hierarchical nanosheet-based MoS2 nanotubes with good
structural stability by the anion-exchange reaction of
MoO3–EDA nanowires with S2� anions at elevated temper-
ature. The dissolution of EDA in the solvent and the
concentration-gradient-driven outward diffusion of MoO3–
EDA during the anion-exchange reaction are the key factors
in the formation of the hierarchical tubular structures with the
retention of the 1D morphology of the starting hybrid
nanowires. The photocurrent density (ca. 0.67 mAmg�1 at
0.6 V versus SCE) of the as-prepared hierarchical nanosheet-
based MoS2 nanotubes is 9 times higher than that of
commercial MoS2 samples. The improved activity of the
hierarchical nanosheet-based MoS2 nanotubes may be asso-
ciated with their enhanced ability to absorb photons, the
presence of many more active sites, and the unique hierarch-
ical porous structure of the nanosheets. Furthermore, the as-
prepared hierarchical MoS2 nanotubes exhibit high resistance
to photocorrosion. The combination of the facile synthetic
procedure, the high photoelectrochemical and electrochem-
ical activity, and the low cost of the starting materials may
make the hierarchical nanosheet-based MoS2 nanotubes one
of the most promising candidates for photoelectrocatalytic
and electrocatalytic HER as well as the fabrication of
practical photoelectrochemical electrodes. Furthermore, the
hierarchical nanosheet-based MoS2 nanotubes may be of
special interest for a variety of promising applications,
including organic and industrial catalysis,[2] battery materi-
als,[7] and hydrogen storage.[6] The extension of this simple
anion-exchange strategy for the transformation of inorganic–
organic hybrid nanostructures to the synthesis of other
hierarchical inorganic nanotubes is under way in our research
group.
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Figure 4. a) UV/Vis diffuse reflectance spectra and b) photocurrent-
density response at an applied bias of 0.6 V versus SCE under visible-
light illumination (l>420 nm) of the as-prepared hierarchical MoS2

nanotubes (HNN-MoS2) and commercial MoS2 samples (C-MoS2).
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