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a b s t r a c t

As anode materials, the electrochemical performance of layered transition metal dichalcogenides
(TMDs), can be improved with surface layer protection. In this study, flower-like MoSe2 nanostructures
are easily obtained from a solvothermal reaction followed by an annealed process in inert atmosphere.
Then the MoSe2 nanostructures are further treated in air at 350 �C, and amorphous MoO3 can be formed
on MoSe2 surfaces, resulting into MoSe2/MoO3 heterogeneous nanostructures. The MoSe2/MoO3 com-
posite, as anode materials for sodium ion batteries (SIBs), shows better performance than those of
pristine MoSe2, which includes charge/discharge capacity, cycling stability and rate capability. At low
current of 50mA g�1, the discharge capacity can reach as high as 729mAh g�1. In addition, even at high
current of 10 A g�1, the discharge capacity maintains at 314mAh g�1. At high currents of 1000 and
2000mA g�1, after 200 cycles, the capacity retention can be kept at 101.9% and 99.5%, respectively. The
enhanced performance of MoSe2/MoO3 heterogeneous nanostructures can be attributed to the amor-
phous MoO3 surface layer, which prevents selenium dissolution and subsequently improves the cycle
performance and increases sodiation/desodiation kinetics because of the amorphous nature.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Recently, large amount of attention has been focused on the
development for decent renewable and sustainable resources (e.g.,
solar or wind) and its energy storage field, to relieve the increasing
environmental problems and energy crisis originating from the use
of traditional fossil fuel [1]. Under the considering of the practical,
resource and economic issues, sodium ion batteries (SIBs) have
been recommended as a promising alternative to conventional
lithium ion batteries (LIBs), which is attributed to their analogous
structure and electrochemistry behaviors [2e4]. During the past 5
years, many efforts have been devoted to the development of low-
cost and high-performance SIBs to utilize the abundant and easily
accessible Na resources [5]. However, the sodiation/desodiation
kinetics are difficult partly due to the fact that the radius of Naþ ion
(~0.98 Å) is larger than that of Liþ ion (~0.69 Å) [6]. Plenty of
cathodes [7e10], anodes [11e13] and electrolytes [14,15] have been
dfsun@upc.edu.cn (D. Sun).
intensely explored in order to improve the electrochemical per-
formance of SIBs.

Generally, the anodes determine some key characteristics in
secondary batteries, such as safety and cycling life. Therefore, it is
urgent to develop suitable anode materials with fast sodiation/
desodiation kinetics and high charge/discharge capacities. Graphite
materials, as commercial LIB anode materials, suffer from poor
insertion/extraction kinetics with Naþ ions due to the low insertion
voltage [16]. Alternative anode for the SIBs, such as nongraphitic
carbon [17,18], metal alloys (e.g., Sn, Sb, P) [14,15,19e21], interca-
lation compounds [22,23], and conversion reaction based metal
compounds [24e31], have been widely studied for improving the
electrochemical performance. Among them, the layered transition
metal dichalcogenides (TMDs) proved to be good potential SIB
anodes due to their specific layered structures with large interlayer
spacings [32e34]. Layered MoSe2 formed by weak van der Waals
between covalently bonded (Se-Mo-Se) monolayers, has a similar
sandwich structure and energy storage mechanism to MoS2,
delivering theoretic capacity of 422mAh g�1 according to the re-
action between one MoSe2 molecule and four Naþ ions [26,35]. The
layer spacing (0.646 nm) is larger than that of MoS2 or graphite. As a
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result, much faster sodiation/desodiation kinetics is expected from
the MoSe2 anode in SIBs.

Previous studies indicated that MoSe2 is a promising SIB anode
alternative [11]. Similar to other TMD anode, the modification with
carbon-based materials for MoSe2 has been considered as an
effective method to enhance its sodium storage performance
[36e40]. However, the sulfur/selenium dissolution originating
from soluble polysulfide/polyselenide intermediates during the
formation/decomposition process of Na2S/Na2Se, should attract our
attention, as it may worsen the electrochemical performance of
TMD anodes. Based on the success of Li-S or Li-Se batteries, pro-
tective layer on the surface of TMDs could enhance the cyclability
by preventing the intermediate dissolution and sulfur/selenium
phase accumulation on the counter electrode [41e45]. Surface
protection has been used for MoS2 and WS2 anodes in SIBs and the
cyclic performance was significantly improved [46,47]. Alshareef
et al. reported coating MoS2 nanosheets with a nanoscale layer of
HfO2 to form a MoS2/HfO2 composite. As anode material for SIBs,
the cyclic performance was tremendously improved, the MoS2/
HfO2 electrode was able to retain 91% of its second discharge ca-
pacity after 50-cycles [46]. Compared to the pristine WSx and WO3

nanofibers, the heterogeneous WSx/WO3 nanofiber anode deliv-
ered a high second discharge capacity of 791mAh g�1 and
improved cycle performance for 100 cycles [47]. Hence, the surface
protective layer on the TMD anode can effectively enhance the
electrochemical performance.

In this work, heterogeneous MoSe2/MoO3 nanostructure com-
posite were studied as an improved SIB anode. Layered MoSe2
nanoflowers were prepared through a facile solvothermal reaction
followed by high-temperature annealing in an inert atmosphere.
Post-thermal treatment in air was performed to form an oxide
coating on the surfaces of MoSe2 nanostructure, resulting in the
MoSe2/MoO3 heterogeneous nanostructure composite. As an anode
material for SIBs, the rate capability and cycling performance are
enhanced remarkably.

2. Experimental

2.1. MoSe2 and MoSe2/MoO3 composite synthesis

MoSe2 was prepared using a solvothermal reaction. In a typical
process, 0.5mmol molybdophosphoric acid and 1.0mmol selenium
dioxide were added into a mixed solvent (25.0mL octylamine and
5.0mL ethanol) and stirred for 12 h to form a transparent solution.
The above solution was transferred into a Teflon-lined stainless
steel autoclave and maintained at 200 �C for 24 h. After cooling to
room temperature naturally, the obtained black precipitate was
collected by centrifugation, washed with absolute ethanol several
times, and dried at 80 �C for 12 h. The as-prepared MoSe2 sample
was calcinated at 700 �C for 3 h in a mixed Ar-H2 (5% H2) atmo-
sphere with a heating rate of 10 �C/min. In order to obtain the in-
situ oxide layer, when the muffle furnace increased to 350 �C, the
calcined MoSe2 was put into it and maintained for 10min in air
atmosphere. After the post-thermal treatment, MoSe2/MoO3 com-
posite was obtained.

2.2. Material characterization

The crystal structure of the samples was examined by means of
X-ray diffraction (XRD, UItima IV, Cu Ka radiation). Raman mea-
surements were performed on a HORIBA Evolution laser Raman
microscope (532 nm argon ion laser). X-ray photoelectron spec-
troscopy (XPS) analysis was performed with a Thermo ESCALAB
250 surface analysis system. Scanning electron microscopy (SEM)
was carried out with a Philips XL30 FEG SEM. Transmission electron
microscopy (TEM) was carried out with a JEOL JEM-2100 TEM
operated at 200 kV. thermogravimetric analysis (TGA) was carried
out on Mettler Toledo TGA-DSC 1 in an air atmosphere.

2.3. Electrochemical measurements

Working electrodes were prepared by coating slurries of active
material mixed with acetylene black and sodium carboxymethyl
cellulose at a weight ratio of 6: 2: 2 on the copper foils. The coated
foils were dried at 80 �C, and then punched into discs with 12mm
diameter. The electrode discs were dried at 100 �C for 10 h and then
transferred into an Ar-filled glove box. Sodium metal and glass
microfiber (Whatman, GF/A) were used as counter electrode and
separator, respectively. NaClO4 (1.0mol L�1) in propylene carbonate
with 5% fluoroethylene carbonate (FEC) was used as the electrolyte.
Neware-5V10 mA or Neware-5V20 mA system (Shenzhen Xinwei)
was used for Galvanostatic cycling tests at room temperature. Cyclic
voltammetry (CV) measurements were carried out on the electro-
chemical workstation (Gamary reference 3000) over a potential
window of 0.0e3.0 V at a scan rate of 0.1mV s�1. Electrochemical
impedance spectroscopy (EIS) measurements were carried out on
Gamary electrochemical workstation over a frequency range of
100 kHz to 10mHz.

3. Results and discussion

The preparation process of heterogeneous MoSe2/MoO3 nano-
structure is schematically illustrated in Fig. 1. After a facile sol-
vothermal reaction followed by an annealed process in inert
atmosphere, in order to partial in-situ transformation into MoO3, a
post-thermal treatment was performed in air at 350 �C for a short
time. X-ray diffraction (XRD) patterns used to identify the crystal
structure and phase purity are shown in Fig. 2a. After calcination in
a mixed Ar-H2 atmosphere, the diffraction peaks are sharp and
intensive (black), indicating high crystallinity. All peaks are well
indexed to hexagonal phase 2H-MoSe2 (JCPDF 29-0914). There is no
observable impurity in the annealed MoSe2 sample. After post-
thermal treatment in air at 350 �C, all diffraction peaks for MoSe2
still existed and they became slightly weak (red). However, another
weaker and broader peak appeared between 20� and 30�, sug-
gesting amorphous oxide layer formed on the surface of the MoSe2
[48].

The Raman spectra of MoSe2 nanostructures and MoSe2/MoO3
nano-composite are shown in Fig. 2b. A strong peak is observed at
241 cm�1, corresponding to the A1g mode originating from the out-
of-plane vibration of the Mo-Se band. Another weak peak is
observed at 281 cm�1, corresponding to the E12g (Mo-Se) mode
originating from the Mo-Se in-plane vibration [26]. These two
typical peaks indicate the formation of MoSe2 with high crystal-
linity. There are also two broad bands at approximately 1370 and
1575 cm�1, corresponding to the disorder-induced D-band and the
graphitic G-band of the amorphous carbon, respectively [28]. This
suggested that the adsorbed octylamine molecules in the sol-
vothermal reaction can be carbonized in the annealed process. For
the composite, the peaks at 992 and 816 cm�1 are the character-
istics of a-MoO3, indicating the formation of MoO3 after post-
thermal treatment in the air. The intense peak at 816 cm�1 is
attributed to the doubly coordinated oxygen (Mo2-O) stretching
mode, resulting from the corner-shared oxygen. The peak at
992 cm�1 is basically assigned to the terminal oxygen (Mo6þ ¼ O)
stretching mode along the a and b directions resulting from un-
shared oxygen, which is also responsible for the layered structure of
a-MoO3 [48]. The XRD and Raman analysis indicate amorphous
MoO3 layer can be formed after heat-treatment in the air, resulting
into the MoSe2/MoO3 heterogeneous composite. The TGA of the



Fig. 1. Schematic diagram of the preparation of heterogeneous MoSe2/MoO3 nanostructure.

Fig. 2. (a) XRD and (b) Raman spectra of MoSe2 nanostructure and MoSe2/MoO3 composite.
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two samples was performed and compared as shown in Fig. 3. The
weight increased above 255 �C attributed to the formation of SeO2.
Between 300 �C and 400 �C the weight dramatically decrease due
to the oxidation of the doped C and MoSe2. In order to obtain an
MoO3 layer, we chosed the post-heat treatment temperature to be
350 �C. The weight increase of MoSe2/MoO3 composite (14.0%)
above 255 �C is lower than that of MoSe2 nanostructure (18.0%).
This further proved the partial oxidation of MoSe2 into MoO3 for
theMoSe2/MoO3 composite. And theweight loss is almost the same
for the two samples, indicating the doped C was maintained after
post-heat treatment in air, which is in accordance with the result of
Fig. 3. TGA curves of the MoSe2 nanostructure and MoSe2/MoO3 composite measured
in air.
the Raman results.
Oxidation states and surface information of the chemical ele-

ments in the two samples were investigated using XPS, as shown in
Fig. 4. A survey spectrum (Fig. 4a) shows the presence of Mo, Se, O,
C and N elements. The Mo core level XPS spectrum is shown in
Fig. 4b, with peaks at 232.2 eV for Mo 3d3/2 and 229.0 eV for Mo
3d5/2, which are attributed to the Mo-Se bond in the MoSe2 [26].
Two other characteristic peaks at 236.0 and 233.0 eV are attributed
to the Mo 3d3/2 and Mo 3d5/2 for Mo6þ in the MoO3 oxide layer,
respectively [49]. In the Se core level XPS spectrum (Fig. 4c), two
distinct peaks are recognized at 55.4 eV for Se 3d3/2 and 54.6 eV for
Se 3p5/2, indicating that the selenium exists as Se2� ions [26]. And a
weak peak at 59.2 eV corresponds to the Se-O bond, which may
have formed by post-thermal treatment in air [50]. The deconvo-
lution of O 1s peaks shows two contributions of oxygen (Fig. 4d).
The lower binding energy of 530.7 eV is assigned to Mo-O in the
MoO3 and the higher bonding energy of 532.7 eV corresponds to
the surface adsorbed oxygen O [49]. Fig. 4e shows the C1s spec-
trum, which can be divided into three peaks. The peaks at 284.8,
285.2 and 285.6 eV can be assigned respectively to the C-C, C¼C and
C-N bonds [26,27]. This further proves the existence of carbon
originated from the carbonization of the octylamine molecules. The
N core level spectrum is shown in Fig. 4f. A prominent peak at
394.7 eV corresponds to the Mo 3p3/2. There are broad signals,
which can be fitted into three peaks. The peak at 398.0 eV corre-
sponds to the nitride-type of N atoms, indicating formation of N-
Mo bond. The peak centered at 399.6 eV can be assigned to N atoms
in the C-N bond for pyrrolic and/or pyridinic N atoms in the carbon.
The peak at 401.8 eV is attributed to amino N atoms [26,27]. The
XPS analysis further proves that the MoO3 layer indeed formed on
the MoSe2 surface and N doped C can be in-situ formed in the high
temperature annealed process. As for the MoSe2 nanostructure,
there is no O element information can be detected.



Fig. 4. XPS spectra of the MoSe2/MoO3 composite: (a) a survey spectrum, (b) Mo 3d, (c) Se 3d, (d) O 1s, (d) C1s, and (f) N 1s & Mo 3p core level spectra.
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Fig. 5 shows SEM images of the MoSe2 and MoSe2/MoO3 com-
posite. MoSe2 shows a homogeneous morphology of flower-like
assemblies with a size of 200e300 nm (Fig. 5a and b). From the
magnified SEM images (Fig. 5b), it can be seen that the flower-like
structures are assembled by the nanosheets. After heat-treatment
in air, MoSe2/MoO3 also exhibits the mono-dispersed structures
(Fig. 5c). The surfaces of the flower-like structures are slightly
broken (Fig. 5d). The nanosheets are hardly observed in the
assembled structures. As a result, the flower-like structures evolved
to sphere-like structures. This indicates the heat-treatment in air
can affect both the composition and morphology.

The microstructure of MoSe2/MoO3 composite was further
measured by TEM and HRTEM, as shown in Fig. 6. The sphere
structure can be observed (Fig. 6a and Fig. S1) in the TEM images.
From the TEM images, it can be concluded that the sphere struc-
tures are also assembled by the nanosheets. Different with MoSe2/
MoO3 sphere structures, the flower-like structure is obvious for the
MoSe2 sample (Fig. S2). The layered structure can be seen in the
magnified TEM images (Fig. 6b). The interlayer spacing is 0.65 nm
(Fig. 6c), which corresponds to a (002) interlayer distance of MoSe2.
The amorphous MoO3 layer surround with MoSe2 can be observed
as marked by the blue curve in Fig. 6c. In addition, the selected area
electron diffraction (SAED) pattern (Fig. 6d) shows the poly-
crystalline nature of the detected MoSe2. The diffraction ring in-
tensity of MoSe2/MoO3 in the SAED is weaker than that of the
MoSe2 sample (Fig. S2d), indicating the MoO3 formation is along
with the crystallinity of MoSe2 disrupting, which is agreement with
the XRD result (Fig. 2a). The energy dispersive X-Ray spectroscopy



Fig. 5. SEM images of (a, b) MoSe2 and (c, d) MoSe2/MoO3 composite, respectively.
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(EDX) mapping shows that the composite includes these five Mo,
Se, O, C and N elements and they are uniformly distributed
throughout the particles (Fig. 6e).

The electrochemical performance of MoSe2/MoO3 composite as
SIB anode material was investigated and compared with that of
MoSe2. Fig. 7a shows the CV curves of the MoSe2/MoO3 anode in a
voltage range of 0e3.0 V vs. Na/Naþ at a scan rate of 0.1mV s�1 for
the five initial cycles. These CV profiles are quite similar to those of
the reported Mo-based anodes for SIBs [36e40]. The peak located
between 1.75 V and 1.17 V correspond to the sodium insertion re-
action of the MoSe2/MoO3 to form NaxMoSe2/NayMoO3 [26,51]. The
peak around 0.64 V is attributed to the irreversible decomposition
of the electrolyte that forms a stable and thin solid-electrolyte-
interface (SEI) layer, which results from the addition of the FEC
additive in the electrolyte [37]. In the deep cathodic step, the main
cathodic peaks are observed at around 0.44 and a tail band below
0.22 V are attributed to the decomposition of the NaxMoSe2/Nay-
MoO3 tometallic Mo and Na2Se and Na2O through a further Naþ ion
insertion process [26,51]. In the following cathodic cycles, the
strong peaks at 0.44 and 0.22 V disappeared, and both peaks based
on the sodium insertion reaction and the tail band moved to higher
potential because of the activation process in the first cycle. The
peak intensity that corresponds to the sodium insertion reaction for
the MoSe2/MoO3 anode is stronger than that for the MoSe2 elec-
trode as shown in Fig. S3. This suggests that the amorphous MoO3
layer on the MoSe2 surface can enhance the sodium insertion re-
action because of the isotropic nature, percolation pathways and
absence of grain boundaries in amorphous materials [52]. In the
first anodic sweep, a major peak is observed at 1.72 V with a
shoulder peak, corresponding to the reaction of the Mo metal
oxidation and the inverse formation of MoSe2/MoO3. After the first
cathodic and anodic processes, the peaks in the following cycles
almost overlap, suggesting that the reversibility of Naþ insertion/
desertion for the MoSe2/MoO3 composite anode is high. It indicates
that the cycling performance of the composite anode is good.

Fig. 7b shows the typical discharge/charge profiles of MoSe2/
MoO3 composite anode. A slope in the range of 1.8e0.9 V, a plateau
at 0.8e0.5 V as well as a slope below 0.4 V is observed for the initial
discharge profile. The curves can be divided into two slopes at
2.0e1.2 V and below 1.0 V in the subsequent discharge curves,
which are shifted to high voltage. The slope or plateau is corre-
sponding to the peaks in the CV curves. It can be concluded that the
change trend in the discharge profiles agrees well with the CV re-
sults. All charge curves exhibit obvious slopes at 1.5e2.5 V,
matching well with the broad oxidation peak centered at 1.72 V in
the CV curves shown in Fig. 7a. The discharge/charge profiles of the
MoSe2 anode show similar change trend as shown in Fig. S4. At the
current density of 50mA g�1, the MoSe2/MoO3 electrode delivers
an initial discharge capacity of 729mAh g�1 and a charge capacity
of 530mAh g�1 with a first Coulombic efficiency (CE) of 72.7%. The
irreversible capacity loss is mainly due to the formation of a SEI
layer during the initial sodiation process [28]. For the MoSe2 anode,
it only delivers a lower discharge capacity of 580mAh g�1 and a
slightly higher first CE of 78%. This suggest amorphous MoO3 layer
can enhance the sodium storage capability and bring more side
reaction based on the formation of a stable SEI layer and extra Naþ

adsorption on the SEI corresponding to interfacial storage [51].
Starting from the second cycle, the discharge/charge profiles are
almost identical even after 200 cycles. The reversible discharge
capacities for the 2nd, 10th, 50th, 100th and 200th cycles are
respectively 533, 508, 522, 531, and 529mAh g�1 with CEs up to
~99%, revealing the outstanding cycling stability of MoSe2/MoO3
electrode. Furthermore, the electrochemical kinetics MoSe2/MoO3
composite anode were investigated by CV at varying scan rates
(Fig. 7c). The capacitive contribution at a fixed scan rate can be
quantified into the capacitive and diffusion-controlled charge
storage. At a fixed potential, the contributions from the two
mechanisms can be estimated from the formula i(V)¼ k1y þ k2y1/2

[52]. As shown in the inset of Fig. 7c, 67.7% of the total capacity is
attributed to the capacitive contribution at a scan rate of 0.1mV s�1.
As the sweep rate increased, the capacitance contribution gradually
increases and reaches a value of 90.5% at 1.0mV s�1 (Fig. 7d). As a
result, the high proportion of the capacitive contribution promotes
the rate performance of MoSe2/MoO3 composite electrode.



Fig. 6. (a, b) TEM, (c) HRTEM images, (d) SAED pattern and (e) EDX mapping of MoSe2/MoO3 composite.
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Rate performance of the MoSe2/MoO3 composite and the MoSe2
nanostructure anode were measured and compared in Fig. 8a.
When cycling for 10 cycles at current densities of 0.1, 0.5, 1.0, 2.0,
5.0, 8.0 and 10.0 A g�1, the MoSe2/MoO3 composite electrode shows
discharge capacities of 567, 487, 458, 420, 366, 326 and 314mAh
g�1, respectively. The corresponding capacities of the MoSe2 anode
are 395, 335, 317, 294, 249, 223 and 209mAh g�1, respectively. The
capacity retention is as high as 55.4% when the current density
increases from 0.1 to 10.0 A g�1 (100-fold increase), revealing
excellent rate capability. Obviously, the MoSe2/MoO3 composite
anode exhibits much higher capacities at each current density and
better rate capacity retention (55.4%) than the pristine MoSe2
anode which maintains a rate capacity retention of 52.9%. Both
samples gradually increase to their initial capacities when the
currents gradually decrease to 0.1 A g�1, indicating good rate-
cycling stability for the anodes in SIBs. Electrochemical imped-
ance spectroscopy (EIS) measurements were carried out over the
frequency range of 10mHze100 kHz to investigate the electro-
chemical performance difference between MoSe2/MoO3 composite
and the MoSe2 nanostructure anodes. Typical Nyquist plots of the
cells with the two samples are shown in Fig. 8b. All the plots exhibit
a semicircle in the high-frequency region and a straight line in the
low frequency region. The semicircle in the middle frequency range
is attributed to the charge transfer resistance (Rct), which



Fig. 7. (a) CV curves of the MoSe2/MoO3 composite anode at a scan rate of 0.1mV s�1 for the initial five cycles over the voltage range of 0.0e3.0 V. (b) Typical discharge/charge
curves of the MoSe2/MoO3 composite at the current density of 500mA g�1 after active process in the first cycle at current of 50mA g�1. (c) CV curves at varying sweep rates for the
MoSe2/MoO3 composite electrode; inset: capacitive (shade region) and diffusion-controlled charge storage contributions. (d) Contribution ratio of the capacitive and diffusion-
controlled charges at different scan rates.
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corresponds to the charge transfer through the electrode/electro-
lyte interface. The Rct for MoSe2/MoO3 composite electrode is
lower than that of the MoSe2 electrode, as shown in Fig. 8b. The
results indicated that the amorphous MoO3 layer can effectively
decrease the charge transfer resistance and thus facilitates charge-
transfer in the SIBs because of the amorphous nature [53].

In order to demonstrate the effects of the oxidation treatment
on the cycle stability, the cycling performance of the two samples
was also compared at the current of 1000mA g�1 (Fig. 8c). The
MoSe2 shows a second discharge capacity of 347mAh g�1, the ca-
pacities are mostly stable values in the initial 150 cycles and after
which degrade continuously to 307mAh g�1 at the 200th cycle,
giving a capacity retention of 88.5%. For the MoSe2/MoO3 com-
posite anode, it shows high specific discharge capacities and an
outstanding cycling stability. It delivers a capacity of 485mAh g�1

at the 200th cycle with capacity retention of 101.9%, in comparison
to the capacity in the 2nd cycle. As previous studies, the increased
capacity is caused by the pseudo-capacitive behavior, which can be
affected when the electrolyte penetrates into the inner part of the
nanostructures along with the cycling. The superior cycling sta-
bility can be proved by the EIS results as shown in Fig. 8d. For the
fresh cell, the Rct is estimated to be ~400U. And this value
decreased to be ~103U and ~75U after 1-cycle and 10-cycles,
respectively. The decreased Rct values should be attributed to an
active process, leading to the crystalline active materials into ul-
trafine nanocrystals during the electrochemical reaction process
[54,55]. The cycling performance of the MoSe2/MoO3 composite
anode was further investigated at low current of 500mA g�1 and
high current of 2000mA g�1 (Fig. 8e). At both currents, the cycling
performance is impressive. The MoSe2/MoO3 composite anode can
deliver stable capacities with high CE of about 99%, as shown in
Fig. 8e. The CE shows a slight decrease trend due to the interfacial
storage increase, which originate from progressive kinetic activa-
tion leading to more metal surface based on the fact of the slightly
broken MoSe2/MoO3 nanostructures (Fig. S6.) and extra side re-
actions. After 200 cycles, the capacity retention can retain as high as
99.2% and 99.5% at currents of 500 and 2000mA g�1, respectively.
The MoO3 surface mainly plays a role as a coating layer to prevent
selenium dissolution, and it subsequently improves the cycle
performance.
4. Conclusions

In summary, we developed a facile method to prepare MoSe2/
MoO3 heterogeneous nanostructures. As an anodematerial for SIBs,
it shows higher specific capacities, higher rate capability and better
cycling performance due to the amorphous MoO3 layer. The
discharge capacity is as high as 729mAh g�1 at low current of
50mA g�1 in the first cycle. For the rate performance, the capacity
retention reaches up to 55.4% when the current density increases
from low current of 0.1 A g�1 to high current of 10.0 A g�1 (100-fold
increase). At currents of 500, 1000 and 2000mA g�1, the capacities
remain at high values of 529, 485 and 453mAh g�1, respectively, at
the 200th cycle with high capacity retentions. Amorphous MoO3



Fig. 8. (a) Rate capability and (b) Nyquist plots for MoSe2 and MoSe2/MoO3 composite; (c) The cycling performance at current of 1000mA g�1 after the first low current activation
cycle at current of 50mA g�1 for MoSe2 and MoSe2/MoO3 composite; (d) Nyquist plots for MoSe2/MoO3 composite after different cycles; (e) The cycling performance at different
current densities after the first low current activation cycle at current of 50mA g�1 for MoSe2/MoO3 composite electrode.
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layer on the surface of the MoSe2 is responsible for the enhanced
electrochemical performance. It is believed that the high rate ca-
pacity and cycling stability of this MoSe2/MoO3 heterogeneous
nanostructure will make it a promising anode candidate for high
performance SIB applications.
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