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ABSTRACT: Engineering heterostructures of transition metal disulfides through
low-cost and high-yield methods instead of using conventional deposition techniques
still have great challenges. Herein, we present a conveniently operated and low-
energy-consumption solution-processed strategy for the preparation of hetero-
structures of MoSe2 nanosheet array on layered MoS2, among which the two-
dimensional MoS2 surface is uniformly covered with high-density arrays of vertically
aligned MoSe2. The unique compositional and structural features of the MoS2−
MoSe2 heterostructures not only provide more exposed active sites for sequent
electrochemical process, but also facilitate the ion transfer due to the open porous
space within the nanosheet array serving as well-defined ionic reservoirs. As a proof
of concept, the MoS2−MoSe2 heterostructures serve as promising bifunctional
electrodes for both energy conversions and storages, which exhibit an active and acid-
stable activity for catalyzing the hydrogen evolution reaction, high specific capacity of
728 F g−1 at 0.1 A g−1, and excellent durability with a remained capacity as high as
676 mA h g−1 after 200 cycles.
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1. INTRODUCTION

Engineering heterostructures by combining different types of
two-dimensional (2D) semiconductive materials with a
preferred orientation have been regarded as a promising
strategy tuning the electronic properties of 2D semiconductive
materials with great potentials in energy storage and
conversion,1 catalysis,2−4 electronics,5−8 and sensing.9 It is
extremely effective to conduct a heterogeneous nucleation
growth of transition metal dichalcogenides (TMDs) along the
lateral or vertical directions of templates by tailoring semi-
conductive heterostructures with a well-defined interface.10−13

Up to now, various 2D semiconductive heterostructures with
nanoelements overlapping along their lateral direction have
been developed by gas-phase deposition methods.14−21

Although nanoelements in a vertical direction among the
heterostructures could afford remarkable properties, such as
strong interfacial interaction, low contacting resistance, and fast
ion transport,22−24 it is a great challenge to engineer different
kinds of 2D semiconductive materials into heterostructures
with nanoelements in a vertical direction especially using a low-
cost and high-yield approach.25−27

Transition metal dichalcogenides (TMDs), such as MoS2,
MoSe2, etc., have gained increasing attention due to their

designable crystal structures and broad applications in energy
applications.27−33 The electrochemical performances of TMDs
rely heavily on their lattice sizes, exposed crystalline phases, and
compositional structures.34−36 Bulk TMDs typically possess a
lamellar crystal structure with weak van der Waals forces
between layers and strong covalent bonding within each
layers.37,38 Therefore, the mechanical exfoliation of TMDs gives
rise to a high-yield production of few-layer 2D nanoflakes of
TMDs, which efficiently maintains the single crystalline nature
for 2D TMDs.39−41 Great efforts have currently been aspired to
design high-performance epitaxial heterostructures for electro-
chemical applications.1,40,42 The epitaxial heterostructures are
usually derived from thermal chemical vapor deposition process
with harsh technical requirements, high costs but low yields.43

Regarding this, it would be a promising alternative to develop a
solution-processed growth for TMD-based heterostructures,
which would afford evident superiorities, including low cost,
high throughout, ease of implementation, versatility, etc.1,40,44
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With these perspectives, a simple, low-cost, and high-yield
strategy is inspired for a solution-phase growth of vertically
aligned MoSe2 nanosheet array on layered MoS2 to obtain the
MoS2−MoSe2 heterostructures. Due to the unique composi-
tional and structural features, the MoS2−MoSe2 heterostruc-
tures deliver the superior electrochemical activity and excellent
durability for catalyzing the hydrogen evolution reaction
(HER), and simultaneously exhibit excellent lithium ion storage
properties with a remained capacity as high as 676 mA h g−1

after a long cycle extending to 200 cycles.

2. RESULTS AND DISCUSSION
The preparation of the vertically aligned MoS2−MoSe2
heterostructures was illustrated in Figure 1. Liquid-phase

sonication-assisted exfoliation of bulk MoS2 in N,N-dimethyl-
formamide produces a homogeneous high-concentration
dispersion of exfoliated few-layer MoS2 (exf-MoS2). Upon
sonication, the flake sizes of MoS2 remarkably decrease, which
would greatly increase the amounts of edge sulfur atoms.37 The
resultant exf-MoS2 would easily get charged and stabilized in
solvents due to the electrostatic repulsions between individual
flakes. Afterward, a solvothermal growth is applied during
which the exf-MoS2 serves as a 2D template guiding the
decoration and vertical alignment of the solverthermally
synthesized MoSe2 (syn-MoSe2). After cooling down, the
products were washed and dried, thus giving the MoS2−MoSe2
heterostructures. Inevitable aggregations of 2D MoS2 and
MoSe2 materials would be simultaneously avoided due to the
presence of the exf-MoS2 template, and the syn-MoSe2
nanosheet array would remain intact especially during the
subsequent electrochemical processes.
The compositions of the well-defined MoS2−MoSe2

heterostructures were systematically verified by X-ray diffrac-
tion (XRD) and Raman spectroscopy. For Figure 2a, the
diffraction patterns of exf-MoS2 at 2θ = 14.4, 32.7, 39.5, 49.8,
58.3, and 60.2° can be assigned to the (002), (100), (103),
(105), (110), and (008) planes, corresponding to hexagonal
2H-phase MoS2 (JCPDF No. 65-1951).27 Hexagonal 2H phase
of syn-MoSe2 can be clearly evidenced by the diffraction
patterns at 13.1, 33.2, and 54.6°, which are respectively
attributed to the (002), (100), and (110) planes of 2H-phase
MoSe2 (JCPDF No. 87-2419). The MoS2−MoSe2 hetero-
structures suggest the coexistence of hexagonal MoS2 and
MoSe2 phases, indicating that the MoSe2 nanosheets are
successfully anchored on the exf-MoS2 substrate. Moreover, the
intensities of the diffraction peaks ascribing to the exf-MoS2
gradually enhance with the increasing contents of exf-MoS2 in

the MoS2−MoSe2 heterostructures. Figure 2b displays the
Raman spectra acquired from exf-MoS2, syn-MoSe2, and MoS2-
MoSe2 heterostructures. For exf-MoS2, the characteristic peaks
observed at 376 and 402 cm−1 are corresponding to the in-
plane E2g and out-of-plane A1g modes of hexagonal MoS2,
respectively. The separation (∼26 cm−1) between the 1E2g and
A1g modes reveals a few-layer structure of MoS2. The
characteristic peaks of syn-MoSe2 are located at ∼235 and
283 cm−1, which are in agreement with 1E2g and A1g of 2H-
phase MoSe2, respectively. The Raman spectrum of MoS2−
MoSe2 heterostructures at a low frequency (100−500 cm−1)
consist of Mo−Se-related modes and Mo−S-related modes,
indicating the successful construction of MoS2−MoSe2
heterostructures.
The compositions and binding energies of MoS2−MoSe2

heterostructures were further investigated by X-ray photo-
electron spectroscopy (XPS) analysis. The survey XPS
spectrum of MoS2−MoSe2-2 in Figure 2c reveals the
coexistence of Mo, S, and Se elements in MoS2−MoSe2-2.
High-resolution Mo 3d peak of MoS2−MoSe2-2 in Figure 2d
exhibits two subpeaks at the binding energies of 229 and 232
eV, which are consistent with the doublet Mo 3d5/2 and Mo
3d3/2 orbitals, suggesting the formation of Mo4+. These Mo 3d
binding energies shift ∼0.2 eV to lower binding energies than
those of exf-MoS2 and syn-MoSe2, which are attributed to
efficient electron transfer from MoSe2 nanosheet array to MoS2
substrates due to unique heterojunction effect.45 Moreover, Se
3d peak with Se 3d5/2 and Se 3d3/2 orbitals at 54.3 and 55.4 eV,
as well as Se 3p3/2 and Se 3p1/2 at 160 and 166.6 eV,
respectively, is corresponding to the −2 oxidation state of Se
within the heterostructures (Figure 2e). Figure 2f displays the
enlarged S 2p spectra of MoS2−MoSe2-2, with S 2p1/2 and S
2p3/2 appearing at 161.2 and 162.6 eV, respectively. The Se/S
molar ratio of MoS2−MoSe2-2 was calculated to be 0.695 based
on the XPS results (see detailed derivation process in the
Supporting Information). Moreover, thermal gravimetric
analysis (TGA) measurements were also employed under air
to determine the actual contents of exf-MoS2 in the MoS2−
MoSe2-1, MoS2−MoSe2-2, and MoS2−MoSe2-3. The TGA
results measured in air flow were conducted to further estimate
the actual contents of exf-MoS2 in the MoS2−MoSe2
heterostructures (Figure S1). Notably, the weight increases
between 200 and 320 °C can be observed in the MoS2−MoSe2
heterostructures as well as neat MoSe2, which can be ascribed
to the formation of SeO2 during the oxidation of MoSe2 into
MoO3. An increase in temperature causes an obvious weight
loss due to the gasification of SeO2. The final residues of MoO3
for MoS2−MoSe2-1, MoS2−MoSe2-2, and MoS2−MoSe2-3 are
80.6, 74.3, and 68.7%, respectively. Considering the final
residues of MoS2 and MoSe2 are 83.6 and 57.3%, respectively,
the actual weight percentages of the exf-MoS2 within MoS2−
MoSe2-1, MoS2−MoSe2-2, and MoS2−MoSe2-3 are calculated
to be 54.9, 64.6, and 77.6%, respectively.
The morphologies of MoS2−MoSe2 heterostructures were

investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) observations. SEM
images of exf-MoS2 in Figure 3a display well-exfoliated layers
with small number of stacked 2D nanoflakes. TEM images of
exf-MoS2 in Figure S2a,b indicate that the lateral sizes of exf-
MoS2 distribute ranging from 50 to 200 nm, and the exf-MoS2
edges can be observed with less than six layers. The SEM
images of neat MoSe2 in Figure S3a,b manifest a nanoflower
morphology assembled by curved MoSe2 nanosheets. Typical

Figure 1. Schematic illustration of the synthesis route for vertically
aligned MoS2−MoSe2 heterostructures.
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TEM images (Figure S3c,d) indicate that neat MoSe2
nanoflowers are composed of ultrathin nanosheets with an
interlayer spacing of ∼0.65 nm. For MoS2−MoSe2-2 (Figure
2b,c), vertically aligned MoSe2 nanosheet arrays are perpendic-
ularly anchored on the surface of exf-MoS2 without any
agglomeration and restacking, and plentiful nanopores of 20−
50 nm appear in the nanosheet array network formed by
wrinkled MoSe2 nanosheets, which would provide multiple
transport channels promoting ion diffusions of electrolyte.
TEM images of MoS2−MoSe2-2 (Figure 2d,e) clearly point out
that exf-MoS2 templates are completely covered by the
interconnected MoSe2 nanosheet arrays. The lattice fringe of
exf-MoS2 and few-layer MoSe2 (3−10 layers) can be distinctly
noticed from the high-resolution transmission electron
microscopy (HRTEM) image of MoS2−MoSe2-2 in Figure 2f.
Energy-dispersive X-ray spectroscopy results reveal the
coexistence and homogeneous distribution of Mo, S, and Se
elements in MoS2−MoSe2-2, indicating a uniform growth of
syn-MoSe2 on exf-MoS2 substrates. The effects of the contents

of exf-MoS2 substrates on the microstructures of MoS2−MoSe2
heterostructures were systematically investigated. For MoS2−
MoSe2-1 prepared with fewer MoS2 templates, the density of
MoSe2 nanosheets on exf-MoS2 clearly increases (Figure
S4a,b). Dense MoSe2 nanosheet agglomerates form with
decreased contents of MoS2 substrates within MoS2−MoSe2-
1, indicating that excessive MoSe2 aggregates gradually deposit
on the surface of exf-MoS2 substrates due to insufficient exf-
MoS2 substrates. Whereas for MoS2−MoSe2-3 prepared with
excess MoS2 substrates, only few MoSe2 nanosheets are found
and selectively grown on some of exf-MoS2 substrates, and a
great deal of exf-MoS2 substrates are uncovered (Figure S4c,d).
Therefore, the vertically aligned MoS2−MoSe2 heterostructures
constructed with diverse heteroelements can be easily tuned by
simply adjusting the amounts of the exf-MoS2 substrates.
Among the vertically aligned MoS2−MoSe2 heterostructures,
the aggregation of exf-MoS2 and syn-MoSe2 can be
simultaneously avoided due to a synergistic dispersion.

Figure 2. (a) XRD patterns, (b) Raman spectra, and X-ray photoelectron spectroscopy (XPS) spectra of exf-MoS2, syn-MoSe2, and MoS2−MoSe2-2:
(c) survey spectrum, (d) Mo 3d, (e) Se 3d, and (f) S 2p.
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Vertical growth of MoSe2 nanosheets on exf-MoS2 can
efficiently enhance the exposure of highly active sites and
provide the porous network with a large surface area, which can
efficiently accelerate the electron transfer and shorten the
diffusion pathway of ions. Electrochemical HER performances
were evaluated by using a three-electrode setup in N2-saturated
0.5 M H2SO4 electrolyte. Figure 4a presents the polarization
curves of MoS2−MoS2 heterostructures compared with exf-
MoS2, syn-MoSe2, and commercially available Pt/C catalyst at a
scan rate of 2 mV s−1. Neat exf-MoS2 electrode exhibits an
overpotential of 338 mV at a current density of 10 mA cm−2,
which shows a slightly increased catalytic activity compared
with bulk MoS2 electrode due to more exposed active sites
generated by exfoliation (Figure S5). Neat syn-MoSe2 electrode
requires an overpotential of 240 mV to achieve the current
density of 10 mA cm−2. After hybridizing syn-MoSe2 with exf-
MoS2, MoS2−MoSe2-2 exhibits optimized HER catalytic
activity with a small overpotential of 175 mV at 10 mA cm−2,
superior to MoS2−MoSe2-1 (208 mV) and MoS2−MoSe2-3
(182 mV), which are attributed to more exposed catalytic active
sites with uniformly immobilized syn-MoSe2 on exf-MoS2
templates. Within the MoS2−MoSe2-1 sample, excess syn-
MoSe2 nanosheets, which aggregate into nanoflowers, inher-
ently restrict the ion diffusion and electron transfer for water
splitting. For MoS2−MoSe2-3, excess exf-MoS2 with poor
intrinsic catalytic activities results in scare active sites toward

hydrogen atom adsorption as well as weakened HER
performance. It should be noted that all of the linear sweep
voltammetry (LSV) curves have been repeated at least three
times, and these polarization curves of the MoS2−MoSe2-2
electrodes exhibit great reproducibility (Figure S6).
Ultrathin carbon coating is performed through a hydro-

thermal carbonization followed by a high-temperature pyrolysis
to further enhance the electrical conductivity of the resultant
MoS2−MoSe2 heterostructures.

46 The ultrathin carbon-coated
exf-MoS2, syn-MoSe2, and MoS2−MoSe2-2 are denoted as exf-
MoS2@C, syn-MoSe2@C, and MoS2-MoSe2-2@C, respectively.
The SEM and TEM images of the MoS2−MoSe2-2@C were
characterized and are shown in Figure S7. The vertical
alignment of the MoSe2 nanosheets on the MoS2 substrate
still maintains upon the carbon coating. Furthermore, we also
investigate the electrochemical properties of MoS2−MoSe2-2@
C and MoS2−MoSe2-2 with carbon black additives to identify
the influence of the electrical conductivities of the catalysts on
the final HER performance. Figure S8 compares the LSV curves
of MoS2−MoSe2-2, MoS2−MoSe2-2 with carbon black
additives, and MoS2−MoSe2-2@C. The MoS2−MoSe2-2
electrode with carbon black additives presents an improved
catalytic activity with a low overpotential of 154 mV at 10 mA
cm−2 when compared with neat MoS2−MoSe2-2, indicating
that the carbon black additives could promote fast electron
transfer, thus boosting the electrocatalytic properties. However,

Figure 3. SEM images of (a) exf-MoS2 and (b, c) MoS2−MoSe2-2 at low and high magnifications, respectively. TEM images of MoS2−MoSe2-2 at
(d) low and (e) high magnifications, respectively. (f) HRTEM image of MoS2−MoSe2-2 indicating the crystal planes of MoS2 and MoSe2,
respectively. (g) TEM image of MoS2−MoSe2-2 and corresponding elemental mappings of Mo, S, and Se.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b15854
ACS Appl. Mater. Interfaces 2017, 9, 44550−44559

44553

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15854/suppl_file/am7b15854_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15854/suppl_file/am7b15854_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15854/suppl_file/am7b15854_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15854/suppl_file/am7b15854_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b15854
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.7b15854&iName=master.img-003.jpg&w=490&h=349


the electrochemical HER activity of the MoS2−MoSe2-2@C
electrode is decreased clearly with a high overpotential of 214
mV at 10 mA cm−2, which can be ascribed to the reason that
carbon coating on the surface of MoS2−MoSe2 heterostructures
will lead to the encapsulation of active sites and thus reduce the
number of exposed active sites.
The HER kinetics of catalysts is further explored by Tafel

plots stemming from the corresponding LSV curves. The Tafel
slopes were obtained from the linear portions of Tafel plots
according to the Tafel equation: η = b log(j) + a, where η, b,
and j represent the overpotential, Tafel slope, and current
density, respectively.47 Figure 4b indicates that the Pt/C
electrode shows the best HER catalytic performance with a
small overpotential of 32 mV at 10 mA cm−2. The MoS2−
MoSe2-2 electrode exhibits the lowest Tafel slope of 46 mV
dec−1, whereas syn-MoSe2 and exf-MoS2 electrodes exhibit
higher Tafel slopes of 61 and 92 mV dec−1, respectively.
Typically, the generation of hydrogen involves three reaction
steps, including Volmer (∼120 mV dec−1), Heyrovsky (∼40
mV dec−1), and Tafel (∼30 mV dec−1) reactions.48 Therefore,
the Tafel slope values mentioned above for all of the electrodes
demonstrate that Volmer−Heyrovsky mechanism comes into
effect during the electrochemical process. Furthermore, lower
Tafel slope theoretically reveals faster HER kinetics, that is, the
catalyst is required to apply a lower overpotential to produce a
higher current density. Hence, MoS2−MoSe2-2 electrode with a
smaller Tafel slope and a higher current density at the designed
overpotentials presents the optimal catalytic activity with
superior H2 evolving efficiency. The charge transfer resistance
(Rct) values of the MoS2−MoSe2-2, syn-MoSe2, and exf-MoS2
electrodes, which are determined by conducting the electro-

chemical impedance spectroscopy (EIS) curves at an over-
potential of 210 mV, are estimated to be ∼122, 148, and 175 Ω,
respectively (Figure S9). In general, Rct is related to the
electrocatalytic reaction rate, and a lower Rct value indicates
faster catalytic kinetics.45 Therefore, the lower Rct value of the
MoS2−MoSe2-2 electrode reveals a rapider charge transfer
process between the interfaces of electrode and electrolyte. The
heterointerfaces between the exf-MoS2 substrate and vertically
anchored MoSe2 nanosheets also facilitate the charge transfer
and modulate the electronic structure, thus increasing the
conductivity of the MoS2−MoSe2-2 electrode.
To analyze the influence of the enhanced active sites and

specific surface areas on the final HER activity, nitrogen
adsorption/desorption isotherms and pore size distributions of
MoS2−MoSe2-2, exf-MoS2, and syn-MoSe2 were measured and
are provided in Figure S10. The specific surface areas of MoS2−
MoSe2-2, exf-MoS2, and syn-MoSe2 were calculated to be 32,
17.4, and 19.5 m2 g−1, respectively. The MoS2−MoSe2-2
structures possess an enlarged pore volume with both
micropores and mesopores, and the improved specific surface
areas and pore volume could result in enhanced HER activity of
MoS2−MoSe2-2. Moreover, the electrochemical double-layer
capacitances (Cdl) were measured to further evaluate the
electrochemical active surface area of catalysts. Cyclic
voltammetry (CV) at different scan rates of 5, 10, 20, 50,
100, and 200 mV s−1 during the potential range of 0.1−0.2 V vs
RHE was performed (Figure S11). The current density
variation ΔJ (ΔJ = Janodic − Jcathodic) at 0.15 V vs RHE is
plotted as a function with different scan rates, and the half of
the slope is considered to be the estimation of Cdl value, as
depicted in Figure 4c.49 The MoS2−MoSe2-2, syn-MoSe2, and

Figure 4. (a) Polarization curves of MoS2−MoSe2 heterostructures compared with exf-MoS2, syn-MoSe2, and Pt/C at a scan rate of 2 mV s−1 in a
N2-purged 0.5 M H2SO4 electrolyte. (b) The corresponding Tafel plots from the polarization curves with a scan rate of 0.5 mV s−1 for MoS2−MoSe2
heterostructures, exf-MoS2, and syn-MoSe2. (c) Linear fitting of capacitive current densities against scan rates of MoS2−MoSe2-2, exf-MoS2, and syn-
MoSe2. (d) Polarization curves of MoS2−MoSe2-2 electrode initially and after 4000 cycles between −0.4 and 0.2 V vs reversible hydrogen electrode
(RHE) at a scan rate of 50 mV s−1.
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exf-MoS2 electrodes generate the capacitance value of 37.78,
14.46, and 0.21 mF cm−2, respectively, suggesting that the
hybridization of MoS2 and MoSe2 leads to more exposed active
sites and increased effective electrochemical active surface area.
The CV curves of the exf-MoS2, syn-MoSe2, and MoS2−MoSe2-
2 electrodes were recorded in the range of −0.4 to 0.6 V (vs
RHE) in a phosphate buffer saline (PBS) electrolyte (pH = 7)
with a scan rate of 50 mV s−1 to directly investigate the
turnover frequency (TOF) of each active site (Figure S12). The
number of active sites was determined to be 1.11 × 10−6 mol
for MoS2−MoSe2-2, higher than that of exf-MoS2 (0.98 × 10−6

mol) and syn-MoSe2 (1.08 × 10−6 mol). What is more, the
TOF of H2 molecules evolved per second for the MoS2−
MoSe2-2, exf-MoS2, and syn-MoSe2 electrodes was calculated to
be 7.53 × 10−3, 0.29 × 10−3, and 1.51 × 10−3 s−1 at η = 200
mV, respectively, manifesting that MoS2−MoSe2-2 possesses a
higher intrinsic catalytic activity for HER.
Long-cycle durability of catalysts is also regarded as a

significant descriptor to assess the HER activity for their
practical applications. Continuous CV scans between −0.4 and
0.2 V vs RHE were carried out for 4000 cycles at a scan rate of
50 mV s−1. The typical time dependence of the current density
of the MoS2−MoSe2-2 electrode was also conducted under a
static overpotential of ∼200 mV. Negligible decay of onset
potential and current density can be observed from the LSV
plots (Figure 4d) and I−t curves (Figure S13), manifesting that
MoS2−MoSe2-2 is a durable catalyst to bear accelerated
degradations in acidic media, and the slight deterioration
might be aroused by the consumption of H+ and the
accumulation of H2 bubbles around the electrode surface,
which would hinder the electrochemical reaction.50 The SEM
images of the MoS2−MoSe2-2 electrode after cycling were
characterized. Figure S14 shows that the vertical alignment of

the MoS2−MoSe2 heterostructures maintains well after cycling,
indicating the superior structural stability of the MoS2−MoSe2
heterostructures for HER. The exceptional durability can be
attributed to the strong heterogeneous interactions between
MoS2 and MoSe2, which display prospective practical
applications.
As another proof-of-concept application, the unique

structural characteristics of MoS2−MoSe2 heterostructures,
including porous void structure stacked of ultrathin nanosheets
and good structural robustness, make it a promising anode
material for lithium ion batteries (LIBs). The electrochemical
performances of exf-MoS2@C, syn-MoSe2@C, and MoS2−
MoSe2-2@C for reversible Li+ storage were probed by CV and
galvanostatic charge/discharge measurements in Figures 5 and
S15. The initial five CV profiles of MoS2−MoSe2-2@C
electrode measured at a scan rate of 0.2 mV s−1 in the voltage
range of 0.01−3 V vs Li/Li+ are shown in Figure 5a. Only two
board cathodic peaks for MoS2−MoSe2-2@C electrode are
centered at ∼0.76 and 0.4 V during the first lithiation process,
which may be attributed to the similar reduction reaction of exf-
MoS2@C (0.86/0.38 V in Figure S15a) and syn-MoSe2@C
(0.83/0.34 V in Figure S15c) due to their similar structures.
The first cathodic peak at 0.76 V corresponds to the lithiation
reaction with Li+ ions inserted into the layer-to-layer space of
MoS2 or MoSe2 to form LixMoS2 or LixMoSe2. The discharge
plateau at 0.4 V can be assigned to a conversion reaction
process, which first entails the in situ decomposition of
LixMoS2 or LixMoSe2 into Mo particles embedded in a Li2S or
Li2Se matrix, together with the formation of a polymeric gel-like
layer resulting from the electrochemically activated electrolyte
degradation. The overall lithium insertion process could be
described as follows: MoS2 + 4Li+ → Mo + 2Li2S, MoSe2 +
4Li+ → Mo + 2Li2Se. In the subsequent lithiation process, two

Figure 5. Electrochemical performances of MoS2−MoSe2-2@C, exf-MoS2@C, and syn-MoSe2@C electrodes for LIBs. (a) CV profiles of MoS2−
MoSe2-2@C at a scan rate of 0.1 mV s−1. (b) Galvanostatic charge/discharge profiles of MoS2−MoSe2-2@C at a current density of 0.2 A g−1. (c)
Rate capabilities of MoS2−MoSe2-2@C, exf-MoS2@C, and syn-MoSe2@C electrodes at different current densities. (d) Cycling behavior of MoS2−
MoSe2-2@C, exf-MoS2@C, and syn-MoSe2@C electrodes at a current density of 0.2 A g−1.
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reduction peaks appear at around 1.8 and 1.1 V, and the peak at
about 0.76 V in the first discharge process disappears, which is
in accordance with the reported lithiation behaviors of MoS2
and MoSe2. Upon the first and subsequent charging process, a
stable anodic peak at approximately 2.2 V can be clearly
identified for the oxidation reaction of Mo to MoS2 or MoSe2,
which simultaneously indicates the excellent stability of MoS2−
MoSe2-2@C electrode during the lithiation and delithiation
process. Furthermore, these redox peaks of CV curves can be
corresponding with the potential plateaus observed from the
related charge/discharge curves in Figures 5b and S15b,d.
Meanwhile, calculated from the galvanostatic charge/discharge
curves, a discharge specific capacity of 1144 mA h g−1 for
MoS2−MoSe2-2@C during the first intercalation process and a
corresponding charge capacity of 895 mA h g−1 are reversibly
recovered, thus achieving a Coulombic efficiency of 78.2%. The
irreversible capacity loss is commonly ascribed to the formation
of solid electrolyte interface (SEI) on the fresh electrode
surface or a small amount of some lithium trapping inside the
defects and disorder structures.51−53 However, the first
discharge and charge capacities of exf-MoS2@C electrode are
1103 and 766 mA h g−1, respectively, with a Coulombic
efficiency of only 69.7% (Figure S15a), which is much higher
than the theoretical capacity of bulk MoS2 (167 mA h g−1).54

Figure S15c also displays that at the first discharge/charge
cycle, syn-MoSe2@C electrode achieves an initial discharge
capacity of 960 mA h g−1 and the corresponding charge
capacity of 694 mA h g−1, which means the initial Coulombic
efficiency is 72.3%. Furthermore, we also investigate the
electrochemical behaviors of neat carbon by CV and
galvanostatic charge/discharge measurements (Figure S18).
No redox peaks and voltage plateau can be observed for neat
carbon as an anode material for LIBs during the electro-
chemical process.
Benefiting from the attractive heterostructures, MoS2−

MoSe2-2@C manifests great rate capacity and cycling perform-
ance, as described in Figure 5c,d. With the current density
increasing from 0.1 to 0.2, 0.5, and 1 A g−1, the discharge
capacity of MoS2−MoSe2-2@C electrode slowly decreases from
728 to 676, 573, and 496 mA h g−1, which is much better than
that of syn-MoSe2@C and exf-MoS2@C electrodes. Even at
large current density of 2 A g−1, the discharge capacity of 375
mA h g−1 can still be retained for the MoS2−MoSe2-2@C
electrode. Such an excellent rate behavior of the MoS2−MoSe2-
2@C electrode can be also proved by the reversible capacity
recovery after cycling. When current density returns to 0.1 A
g−1, an increased discharge capacity for MoS2−MoSe2-2@C is
recovered up to 736 mA h g−1. However, the syn-MoSe2@C
and exf-MoS2@C electrodes only deliver the discharge
capacities of 362 and 444 mA h g−1, respectively, when the
current density returns to 0.1 A g−1. Moreover, the superior rate
performance and high reversible capacity of MoS2−MoSe2@C
electrode can be also evidenced by the cycling stability. Figure
5d presents the charge/discharge capacities over cycling at a
current density of 0.2 A g−1 for MoS2−MoSe2-2@C, syn-
MoSe2@C, and exf-MoS2@C electrodes, together with the
Coulombic efficiency of the MoS2−MoSe2@C electrode. The
first discharge and charge capacities of MoS2−MoSe2-2@C are
found to be ∼736 and 581 mA h g−1, respectively. The
irreversible specific capacity loss of 78.9% may be mainly
ascribed to the formation of solid electrolyte interfaces (SEIs)
and electrolyte decomposition, which is a common phenom-
enon in most anode materials. In the subsequent cycles, the

continued reversible capacity increase can be observed from
581 mA h g−1 to a high level of 721 mA h g−1 during the first
100 cycles, and then a stable capacity of ∼680 mA h g−1 can be
maintained constant with a high Coulombic efficiency above
98%. Such a capacity rising with cycling can be attributed to the
activation of active materials and the reversible growth of
organic polymeric gel-like layers resulting from kinetically
activated electrolyte degradation.55−58 Theoretically, the
polymeric gel-like layers on active materials ensure the
mechanical cohesion and deliver excess capacity at low
potential through the so called “pseudo-capacitance-type
behavior”.59,60 To demonstrate the superiority of MoS2−
MoSe2 heterostructures on lithium storages, the cycling
behaviors of syn-MoSe2@C and exf-MoS2@C were also
examined under the same conditions. The syn-MoSe2@C and
exf-MoS2@C electrodes deliver an initial discharge capacity of
482 and 410 mA h g−1, respectively, with only 404 and 371 mA
h g−1 reversible capacities retained after 200 cycles. Electro-
chemical impedance spectroscopy (EIS) measurement was also
implemented to further understand the charge-transfer
mechanism and enhanced electrochemical performance of the
MoS2−MoSe2@C electrode (Figure S16). The semicircle in the
high-frequency region of Nyquist plot represents the charge
transfer resistance (Rct) of electrode/electrolyte interface. A
lower Rct value indicates faster electrocatalytic kinetics. The Rct
of MoS2−MoSe2-2@C electrode is ∼66 Ω, which is remarkably
lower than that of syn-MoSe2@C (129 Ω) and exf-MoS2@C
(145 Ω), manifesting that the distinct combination of MoS2
and MoSe2 efficiently promotes the migration of Li ions and
penetration of electrolytes for excellent lithium storage
performance.
With the aim of confirming the merits of highly conductive

carbon coatings on the MoS2−MoSe2 electrodes on lithium
storage, the rate capacity, cycling performance, and EIS spectra
of MoS2−MoSe2-2 and MoS2−MoSe2-2@C are examined
under the same condition. As exhibited in Figure S17,
compared with MoS2−MoSe2-2@C electrode, a faster capacity
fading with continuously increasing current densities can be
observed for MoS2−MoSe2-2 electrode. The reversible
discharge capacity of only 448 mA h g−1 for MoS2−MoSe2-2
electrode can be restored when current density returns back to
low current density of 0.1 A g−1, which is significantly lower
than that of the MoS2−MoSe2@C electrode (736 mA h g−1).
Moreover, rapid capacity loss is also discovered through cycling
for the MoS2−MoSe2-2 electrode. Typically, MoS2−MoSe2
electrode suffers from a rapid capacity loss during the initial
70 cycles, and then delivers a stable but extremely low capacity
of 187 mA h g−1. Such a severe attenuation indicates the drastic
volume expansion and grievous collapse of MoS2−MoSe2-2
structures without the protection of carbon layers. The rate
capacity and cycling performance of neat carbon were also
tested and are exhibited in Figure S18c,d. With a stepwise
increase in the current densities, the reversible capacities of 244,
171, 103, and 58 mA h g−1 for neat carbon at 0.1, 0.2, 0.5, and 1
A g−1, respectively, were achieved, which are much lower than
those of the MoS2−MoSe2-2@C electrode under the
corresponding current density. Figure S18d indicates that the
neat carbon electrode possesses a good cyclic performance with
a reversible capacity of ∼220 mA h g−1 at 0.2 A g−1 after 200
charge/discharge cycles. The carbon layers around the MoS2−
MoSe2 heterostructures may act as a buffering layer cushioning
the internal strain and preventing the active material from being
electrically isolated during the electrochemical lithium proc-
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ess.61,62 Furthermore, due to the existence of a conductive
carbon layer, our MoS2−MoSe2-2@C electrode presents much
lower Rct of 66 Ω than that of MoS2−MoSe2-2 (141 Ω) (Figure
S17c).
The optimized electrochemical properties of MoS2−MoSe2

heterostructures for HER and LIBs are probably related to their
unique compositional and structural characteristics. First, the
porous space derived from neighboring 2D MoSe2 within the
nanosheet array could afford shorted diffusion channels for
lithium or hydrogen ions with an optimized interface between
electrode and electrolytes. Second, the MoS2−MoSe2 hetero-
structures could provide an edge-to-edge configuration with
more exposed active sites for both HER and lithium storages.
Third, the heterostructures with a coupling of p-type MoSe2
and n-type MoS2 with matched energy levels could achieve a
high-quality heterointerface within the heterostructures, which
can facilitate a fast interfacial charge transfer and give rise to
improved electrochemical activity and efficiency.63

3. CONCLUSIONS
In summary, we have explored a low-cost and high-yield
strategy to construct heterostructures of MoSe2 nanosheet array
on layered MoS2 as a bifunctional electrode with potential
applications in water electrolyzers and anodes for LIBs. The
resultant MoS2−MoSe2 heterostructures deliver outstanding
HER performance with an overpotential of 175 mV at 10 mA
cm−2 and a small Tafel slope of 46 mV dec−1, and a long-term
durability after 4000 cycles. When evaluated as anodes for LIBs,
the MoS2−MoSe2 heterostructures deliver high Coulombic
efficiency above 98%, high specific capacity of 728 mA h g−1 at
0.1 A g−1, and excellent cycling performance maintaining 676
mA h g−1 after 200 cycles. This is strongly related to the unique
MoS2−MoSe2 heterostructures with a vertically aligned sheet-
on-sheet configuration, leading to improved mass transport and
excellent electrical conductivity. The presented solution-
processed strategy for the construction of vertically aligned
TMD heterostructures may provide a new insight for the
development of high-performance and durable electrodes for
both energy conversation and storage applications.
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