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Ternary MoS,/MoQOs/C nanosheets were successfully synthesized via a chemical
vapor deposition method. The hybrids were characterized by x-ray diffraction,
scanning electron microscope, high-resolution transmission electron microscopy,
raman and x-ray photoelectron spectroscopic methods. The as-obtained MoSs/
MoO3/C nanosheets applied as an anode material for lithium-ion batteries, showed
high initial discharge/charge capacities at current rates of 0.5C, 1640.9 mA h g~ !
and 1393.8 mA h g ! respectively, with initial coulombic efficiency of approxi-
mately 84.9%. The material exhibited superior rate capabilities, with specific
discharge capacities of 1240.2 mAh g !, 10485 mAh g’ 917.2mAh g},
7423 mAh g 1,663.6 mA h g !, 601.8 mA h g 'and593.4 mA h g !atcurrent
rates of 0.2C, 0.4C, 1C, 4C, 8C, 12C and 15C, respectively. This superior electro-
chemical performance was mainly due to the uniformly-distributed MoS, na-
nosheets and to highly graphitized carbon, which not only mitigated mechanical

stress during repeated cycling, but also provided good conductivity.
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INTRODUCTION

Two-dimensional layered molybdenum disulfide
(MoS,) has been a research focus in the fields of
lubricants,! transistors,>® and supercapacitors,*®
etc. The individual S-Mo-S layers formed by strong
ionic/covalent forces between Mo and S atoms are
stacked through weak van der waals interactions.®’
Owing to the weak van der Waals interactions
between MoS, layers,g_12 the hierarchical MoS,
particles allow for insertion and extraction of Li
ions without remarkable volume damage. However,
fast structural deterioration during the cycling
process and poor electrical/ionic conductivity of
MoS, have been found to result in unsatisfactory
cycling performance and low rate capability, thus
failing to meet the requirements for commercial use
in lithium-ion battery (LIB) applications.

(Received October 28, 2017; accepted August 10, 2018;
published online August 21, 2018)

In order to circumvent these obstacles, two major
strategies are currently developed for the modifi-
cation of MoS,: (1) decreasing the characteristic
dimensions of MoS,, controlling mori)hologies
such as nanoflowers,’® nanospheres’*!” and
nanosheets'®'?; (2) constructing a conductive and
robust scaffold to form combinations, such as few-
layered MoSs; grown on carbon nanosheets,?’
monolayer MoSy; embedded in the carbon nanofi-
bers,?**? and ultrathin MoS, nanosheets on nitro-
gen-doped graphene nanosheets®®?* or N-doped
carbon nanoboxes.?® In pursuing the first strategy,
although the performance has been significantly
improved, conductivity still remains poor. As to the
second strategy, the combination of MoS; and
carbon solves the problem of conductivity. How-
ever, this simple compound is susceptible to stack-
ing and reuniting during the charge and discharge
circulation process thus leading to loss of capacity
when used as LIB anode material. Therefore,
developing an environmentally-friendly, facile and
scalable route is still a challenge.
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In this work, we have synthesized ternary MoSy/
MoOs/C nanosheets by a simple chemical vapor
deposition (CVD) method. The uniqueness of this
method lies in that it inserts organic amine into a
MoOs interlayer as a precursor, and then obtains the
final products through an in situ transformation
method. This structure is not as simple as that of most
composite materials. Due to vapor phase vulcaniza-
tion, the MoOj3 layer outside the MoO3/C mother-
board is mostly vulcanized, while the MoO3 layer
inside is vulcanized by only a small amount. Thus,
mixed ternary MoSo/MoOs/C nanosheets are formed
in situ from binary MoOs/C nanosheets. The
nanosheets can greatly facilitate the transportation
of Li* and electrons. Meanwhile, the high surface
area of the nanosheets allows extensive contact
between the electrode and the electrolyte, thus
providing good conditions for lithium and electron
diffusion. More importantly, the optimized MoSy/
MoOs/C nanosheets exhibit high reversible capacity,
as well as good cycling stability and high-rate capa-
bility as anode materials for LIBs (Scheme 1).

RESULTS AND DISCUSSION

The crystallinity of the as-prepared ternary MoSy/
MoOs3/C nanosheets and MoOs/C is revealed by
x-ray diffraction (XRD), shown in Fig. 1a. The
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diffraction profiles demonstrate the phase purity of
MoS, with crystallized hexagonal structure (JCPDS
37-1492). M0oS2/Mo0O3/C nanosheets show conspicu-
ous peaks at 33.02° and 58.64°, which are indexed to
the (100) and (110) planes of crystalline MoS, |,
respectively.?628 A sharp peak at 9.76° (marked by
#1) and a low sharp peak at 16.54° (marked by #2)
can be observed in the composites, attributable to
the distance of adjacent MoS; nanosheets in amor-
phous carbon and the distance between the carbon
layer and the MoS, layer, respectively.26:27:29:30
Therefore, the XRD pattern shows that no signifi-
cant (002) crystal face of MoS, or diffraction peaks
of carbon are observed in the final product. From
the MoQOs/C curve, we can observe that the diffrac-
tion peak of (010) is the interpolated peak of the
precursor at about 5.35°, which indicates that
dodecylamine has been successfully intercalated
between MoOg3 layers, according to the litera-
ture.?"*2 Subsequently, the interlamellar spacing
gradually shrinks owing to the decomposition of
intercalated dodecylamine. Therefore, the (010)
diffraction peaks move to a high angle.

The MoSo/Mo0O3/C composite exhibits a 2D
nanosheet-shaped morphology with a few microm-
eters, according to the scanning electron microscope
(SEM) image of sample (Fig.1b). From the
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Scheme 1. Schematic of the synthesis process of ternary MoS,/MoO3/C nanosheets.
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Fig. 1. (a) The XRD patterns of MoS,/MoO4/C nanosheets; (b) SEM image of the surface of sample MoS,/MoO3/C; (c) the TEM image of MoS,/

MoO3/C; (d) high-resolution TEM images of MoS,/MoO/C.

transmission electron microscope (TEM) image
(Fig. 1c) we can also clearly observe the nanosheet
structure. Furthermore, the high-resolution trans-
mission electron microscopy (HRTEM) image
(Fig. 1d) of M0So/MoQ3/C validates the presence of
MoS, and MoOs nanosheets. It can be seen from the
figure that the edge of the nanosheet is made up of
lattice fringes (0.69 nm) of MoOs, and the interior is
all made up of MoS, lattice stripes (0.27 nm)
corresponding to the (100) lattice plane; this is
consistent with the XRD analysis results. In gen-
eral, the synthesis of nanosheets by the precursor
MoO3; nanosheets and the sulfur source in situ
reaction leads to the uniqueness of this material.
A Raman test (Fig. 2a) was performed to further
investigate the MoSy/MoO3/C nanosheets. The
Raman spectrum of this product exhibits obvious
peaks at 283.63 cm ™!, 821.36 cm ™! and 994.7 cm !
in the wave number range of 200 to 1800 cm?,
which are in agreement with the reported Raman
spectra of 0-Mo003.2>3¢ Furthermore, the first
order in-plane phonon vibration mode (Eﬁg) and
out-of-plane vibration mode (A;,) of MoS,; appear
at the wavenumbers of 378.69cm ' and
401.04 cm ™!, respectively.?*37:38 The energy differ-
ence between the two Raman peaks (Ak) can be
used to determine the number of layers in few-
layer MoS, crystals®® The Ak is about

22.35 cm (inset in Fig. 2a), indicating the MoS,
crystals in the hybrids are composed of few-layer
MoS, nanosheets. In addition to the typical peaks
for MoO3; and MoS; materials, the other two
distinct peaks around the D band (1363.85 cm 1)
and G band (1578.21 cm™!) demonstrate the exis-
tence of carbon. The fitting of D and G peaks can
be obtained with an Ip/lg intensity ratio of 1.07,
suggesting a relatively better graphitization.?®?”
The signals of Mo, S, O and C are observed,
respectively, in the x-ray photoelectron spectro-
scopic (XPS) images (Fig. 2b), further confirming
the presence of molybdenum sulfide, molybdenum
oxide and C. Figure 2c shows the high resolution
spectrum of Mo. The two main components (Mo!"
3ds/e (229.2 eV) and Mo' 3ds, (232.2 eV) are the
characteristics of Mo0Sg,2%*%* while the small
shoulder peak at around 226.5 eV is identified as
S 2 s.*2 The presence of the other two XPS peaks,
Mo"" 3dsp (232.6 eV) and Mo"" 3dss (235.6 eV)
indicates the incomplete reaction of M0oOs5.*>® The
binding energies at 162.1 eV and 163.3 eV in the S
2p spectrum are attributed to S~ of MoS, (Fig. 2
d).'*?® The O 1s XPS spectrum shows that the
binding energy of O 1s is 531.6 eV (Fig. 2e), which
can be assigned to 0%  in Mo03.>>*¢ Figure 2f
exhibits the Cls XPS peak centered at 284.2 eVé
which is attributed to the binding energy of the sp
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Fig. 2. (a) Raman spectra of the MoS,/MoO3/C nanosheets. The inset of (a) shows the enlargement at the red mark in the figure; (b) XPS survey
spectrum of the MoS,/MoO3/C nanosheets and the corresponding high-resolution XPS scans of (c) Mo 3d, (d) S 2p, (e) O 1s, (f) C 1s.

C-C bond.*"*® This further verifies the existence of
amorphous carbon composites.

Subsequently, the ternary MoSs/MoOs/C
nanosheets were investigated as an anode material
for LIBs. The long-term cycling performance of the
obtained materials was evaluated through dis-
charge/charge at a current rate of 0.5C
(0.43 A g') (Fig. 3a). As shown in the charge/
discharge curves of the MoS,/MoOs/C nanosheets
electrode, the initial discharge and charge capaci-
ties are about 1640.9 mAh g T and 1393.8 mAh g *,
respectively. The initial discharge and charge
capacities of the MoOs/C are about 1115.9 mAh g !

and 829.8 mAh g !, respectively. The initial
discharge and charge capacities of the commer-
cial MoS, are about 10254 mAhg ! and
672.6 mAh g !, respectively. The coulombic effi-
ciency is about 84.9%, significantly higher than
that of commercial MoOs/C (74.4%) and MoS,
(65.6%). The specific reversible capacity of the
MoSo/MoOs/C nanosheets in the 20th cycle slightly
decreases, owing to the reversible growth of solid
electrolyte interface (SEI) film on the surface of the
electrodes, the incomplete wetting of the internal
portion of electrode and dissolution of the interme-
diate products (polysulfide) in the electrolyte.'**°
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With the increase of the cycle number, the capacity
is about 961.4 mAh g, indicating that the material
has good stability. The rate capacities display highly
reversible storage properties as well as high cycling
performance. As shown in Fig. 3b, the hybrid
MoS,/MoO3/C nanosheets deliver reversible capac-
ities of 1240.2mAh g !, 10485 mAh g1, 917.2
mAhg?! 7949mAhg?!, 7423mAhg !, 663.6
mAhg?! 6287mAhg!, 601.8mAhg! and
5934mAhg ! at current rates of 0.2C
(0.22 Ag™1),0.4C (044 Ag™1), 1C (0.89 A g™ 1), 2C
(1.78 Ag™1), 4C (268 Ag™ 1), 8C (446 Ag 1), 10C
(6.25 Ag™1),12C (7.14 A g Y and 15C (8.04 A g 1),
respectively. If the current rate is dropped to 0.2C
after cycling at 15C, the capacity of the anode
gradually recovers to 1091.9 mAh g~ !, suggesting
good reversibility of the materials. The excellent
electrochemical performance of MoSy/MoOs/C
nanosheets can be attributed to the following
factors: (1) The structure of the nanosheets has
much open space and a large specific surface area,
which can afford a large number of reaction sites.
Thus, the MoSs/MoQOs/C nanosheets show a high
specific capacitance. (2) The unique in-situ com-
posite structure of MoS, and MoOs; can reduce
aggregation during the lithiation/delithiation pro-
cess thus enabling us to obtain excellent cycling
and rate performance. (3) The insertion of carbon
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material, but also enhances the structural
stability.

In order to further study the mechanism of the
material’s cycle performance, cyclic voltammetry
was conducted for MoSs/MoQOs/C, as shown in
Fig. 3c. During the first cycle, two reduction peaks
(0.67 V and 0.45 V) and one corresponding oxidation
peak (2.4 V) are observed. The peak (#1) at 0.67 V
can be assigned to the intercalation of Li ion into
MoS, interlayer to form Li,MoS,, and the other
peak at 0.45 V(#2) is related to the reduction of
MoS, into Mo metal particles embedded into a LisS
matrix (MoSy + 4Li — Mo + 2Li,S) and the for-
mation of SEI layers.’®%! For the charging process,
the peak (#3) at 2.33 V can be clearly identified for
the first and subsequent cycles, which is attributed
to the delithiation of LiyS to sulfur (Li,S — 2Li* +

S + 2e7).52 In the following two cathodic scans,
different discharge profiles are obtained with four
peaks observed at 1.75V,1.02 V,0.39 Vand 2.40 V,
respectively, which might be due to the following
three reactions: 2Li* + S + 2e — LisS, MoSs +
xLi* + xe — LiMoS,, Li,MoSs + (4 — x)Li* +
(4 — x)e — Mo + 2LisS and LisS — 2 — 2Li" +
S. The CV curves of the second and third cycles are
almost overlapped, indicating that the electrode
may have good cycling performance.

The electrochemical impedance spectra (EIS) of

not only improves the conductivity of the electrode the MoS,/MoO3/C nanosheets electrode were
(a) 24004 —v— MoS, charge MoS, discharge (b) 24004 —v— MosS, charge MoS, discharge
Ea MoO,/C charge —®—MoO,/C discharge Ea MoO,/C charge —#—Mo0,/C discharge
20 20001 —#—MoS,/MoO,/C charge —#— MoS,/MoO,/C discharge 202000 —=—MoS,/MoO,/C charge —e— MoS,/MoO,/C discharge
< < i .
§ 1600 7 \i 1600 "p.zc
S ] 'S [y odc 020
a 1200 T a 1200 L 1C 2
S \ ~ g 9 ‘ € e ‘
5 800 M - o 800 N‘. 5C9C e e o
L: & L": 8
8 400 \ S 400 “
iy i
o ) — o & ‘M""w; -
0 : : : ; ; 0 — : p—"
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Cycle Number Cycle Number
1.5
(© (d) 3% CPE, CPE,
1.0 A e
] 600 1
R 0.5 Rp Ret Zy
—_ [ >
T 00 E . .
= 400 - >
5 051 e g >
= ] N . >
] st ! YS9
O -1.0 Y 2nd 200 - st = MoS,/MoO,/C
-1.5 4 3rd Mo0,/C
#2 > Mos,
-2.0 T T T T T T T 0 T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 0 200 400 600 800 1000 1200
Potential(V) Z'(Ohm)

Fig. 3. (a) Cycle ability tests on MoS, and MoS,/MoO3/C nanosheets at 0.5C; (b) The rate performance of MoS, and MoS,/MoQO4/C at different
current rates from 0.2-15C; (c) Cyclic voltammetry curves under a scanning rate of 0.3 mV s~ of MoS,/MoQ4/C; (d) EIS spectra of as-prepared

MoS,, MoO4/C and MoS,/MoO3/C samples.
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investigated after three discharge/charge cycles in
the frequency range from 100 kHz to 0.01 Hz
(Fig. 3d). The curve of the Nyquist-fitting for getting
the equivalent circuit is given in the inset. R, is the
internal resistance of the battery, R; represents the
SEI membrane resistance, CPE; and CPE, stands
for constant phase elements, R. represents the
faradic charge-transfer resistance and the Warburg
impedance Z,, reflects the solid state diffusion in the
equivalent circuit. The semicircle in the high-fre-
quency region could be ascribed to the constant
phase element of the SEI layer and contact resis-
tance. The inclined line was attributed to Warburg
impedance corresponding to the lithium-diffusion
process.®® By fitting the equivalent circuit, the
charge transfer resistances (R.;) of MoSs, MoOs/C
and MoSy/MoOs/C were 782.5Q, 467.7 Q and
124.3 Q, respectively. It could be seen that MoS,/
MoO3/C has a low charge-transfer resistance. It is
also clear from the curve that MoSo/MoQOs/C has a
smaller semicircular diameter at high frequencies.
The Warburg slope of MoS,/MoOs/C is higher than
that of MoOs/C and commercial MoS,, further
indicating faster ion diffusion in MoSy/MoOs/C
electrode. These results confirm that the ternary
MoSs/MoO3/C  nanosheets have distinctively
improved the electronic conductivity of the hybrid.

CONCLUSIONS

In summary, ternary MoSo/MoOs/C nanosheets
have been successfully synthesized via a simple
method. The composites could exhibit excellent cyclic
capacity (961.4 mAh g~! at 0.5C), and outstanding
rate performance (remained 593.4 mAh g~ !atahigh
rate of 20C) as a result of their unique structure with
mixed MoS2/MoQO3/C nanosheets and uniformly dis-
persed C for high conductivity. This work provides a
novel and facile way for design of a composite with
multiple phase nanosheets.

METHODS
Characterization

X-ray powder diffraction (XRD) measurements
were obtained on a Bruker D8 Advance diffractome-
ter operated at 40 kV and 40 mA in the range of
1.5-70° with Cu-Ka radiation (/1 = 0.15406 nm). The
particle morphologies of the products were observed
by means of a field emission scanning electron
microscope (FESEM) (Hitachi SU 8010) operated at
an acceleration voltage of 15 kV. High-resolution
transmission electron microscopy (HRTEM) was
performed on a JEM-2100 microscope (JEOL).
Raman spectra were recorded on a DXR raman
microscope (Thermo Scientific) with a 532 nm exci-
tation laser (setting 3 mW power, 10 s exposure
time, and 20 accumulations). X-ray photoelectron
spectroscopic (XPS) measurement of the composites
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was conducted on an ESCALAB 250 spectrometer
(Thermo Fisher Scientific) with an Al Ka
(1486.6 eV) x-ray source operated at 15 kV and
150 mW.

Electrochemical Measurements

The working electrodes were made by coating a
paste of active materials, Super P, and binder
(polyvinylidene fluoride, PVDF) in a weight ratio
of 80: 10: 10 on a copper-foil collector. The active
mass loading of about 0.8 mg cm 2 was employed in
this work. The electrode film was subjected to a roll
press and electrodes of 10 mm diameter were
punched out. The negative electrodes were dried
at 100°C for 12 h in a vacuum oven. Cointype cells
(CR 2032) were assembled in an argon-filled glove
box with an electrolyte of 1 mol L™~ LiPFg in EC-
EMC-DMC (1:1:1 volume ratio) solution and a
separator of Celgard 2400. The electrochemical data
were collected using a LAND CT2001A test system
within the potential range of 0.01-3.0 V (versus Li/
Li*). The assembly of the cell was conducted in an
Ar-filled glove-box followed by overnight aging
treatment before the test. Cycling voltammetry
(CV) was measured at a scan rate of 0.5 mV s 'us-
ing a CHI 660C electrochemical workstation
(Shanghai CHI Instruments). Electrochemical
impedance spectroscopy (EIS) was performed in
the frequency range of 0.01-10° Hz on the PAR-
STAT 2273 electrochemical workstation (Ametek).

EXPERIMENTAL

Synthesis of the Ternary MoSs/MoO3/C
Nanosheets

The ternary MoSs/MoOs/C nanosheets were syn-
thesized by a chemical vapor deposition (CVD)
method. In a typical experiment, the nanocompos-
ites were prepared by adding 15 mL dodecylamine
into 170 mL anhydrous ethanol, followed by stirring
until the samples were dissolved. Subsequently,
1.71 g MoO3; was added into the mother solution
and the mixture was heated at a temperature of
70°C for 24 h. Then, it was filtered and washed with
anhydrous ethanol. After being dried at 70°C for 24
h, the as-obtained white powder samples were the
desired precursor composites. The as-prepared com-
posite (0.2 g) was placed in the high temperature
area of a vacuum pipe furnace for chemical vapor
deposition, and an appropriate amount thiourea
was placed in the low temperature area. The sample
was heated to 500°C at a heating rate of 1°C min !
under Ny gas, and the sulfur source was heated to
180°C at a heating rate of 3°C min ', both were
heated for 3 h after reaching the highest point. They
were further heated up to 800°C for 3 h at a heating
rate of 3°C min ! following vulcanization. The
obtained sample was denoted as MoSy/MoOs/C.
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For comparison, pure MoOs/C was prepared under

the same conditions but without assistance of

thiourea.
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