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ABSTRACT: MoS, is a promising electrode material for
energy storage. However, the intrinsic multilayer pure metallic
MoS, (M-MoS,) has not been investigated for use in
supercapacitors. Here, an ultrafast rate supercapacitor with
extraordinary capacitance using a multilayer M-MoS,—H,0
system is first investigated. Intrinsic M-MoS, with a monolayer
of water molecules covering both sides of nanosheets is
obtained through a hydrothermal method with water as
solvent. The super electrical conductivity of the as-prepared
pure M-MoS, is beneficial to electron transport for high power
supercapacitor. Meanwhile, nanochannels between the layers of
M-MoS,—H,0O with a distance of ~1.18 nm are favorable for
increasing the specific space for ion diffusion and enlarging the
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surface area for ion adsorption. By virtue of this, M-MoS,—H,O reaches a high capacitance of 380 F/g at a scan rate of S mV/s
and still maintains 105 F/g at scan rate of 10 V/s. Furthermore, the specific capacitance of the symmetric supercapacitor based
on M-MoS,—H,0 electrodes retain a value as high as 249 F/g under S0 mV/s. These findings suggest that multilayered M-
MoS,—H,0 system with ion accessible large nanochannels and efficient charge transport provide an efficient energy storage

strategy for ultrafast supercapacitors.
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upercapacitor with superior power density and long cycling

life has widespread applications in power tools, energy
backup system, hybrid electric vehicles, and portable devices.
Carbon materials, including active carbon, carbon aerogel,
nanocarbon, carbon foam, are the most commonly employed
electrode materlals due to its good electrical conductivity and
high surface area.' > Compared to the excellent carbon-based
supercapacitors, supercapacitors that based on two-dimensional
transition-metal dichalcogenides such as MoS, is lack of
exploration. 2H semiconductor phase (S-MoS,) and 1T
metalhc phase (M-MoS,) are two typical crystal structures for
MoS,.%” Tt is well-known that the low electrical conductivity of
2H semlconductor MoS, is a disadvantage for electrochemical
energy storage ® Thus, hybrid electrodes of semiconductor
MoS, and other high electrical conductivity materials such as
graphene and polyanilines are used to improve the electrical
conductivity and show moderate electrochemical performance
in battery.” "> Alternatively, it has been proven that M-MoS,
has higher electrical conductivity and better hydrophilicity,
which is beneficial to obtain higher electron transport efficiency
and better ion accessibility, therefore achieving higher electro-
chemical energy storage performance for the supercapacitor.'
The sheet resistance is 1.61 X 10* Q/[] for M-MoS, and 2.26
x 10° Q/[] for S-MoS,, which correspond to a resistivity of
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0.482 Q-cm for M-MoS2 and 7.68 X 10* Q-cm for S-MoS,."*
The M-MoS, has an electrical conductivity that is S orders of
magnitude higher than that of S-MoS, However, the current
preparation method for M-MoS, based on Li" intercalation of
S-MoS, is complicated, time-consuming, unstable, and danger-
ous,"> ™" which to some extent would hamper a broad range of
applications in clean energy such as supercapacitor and battery.
At present, the most lethal defection is that as-prepared MoS, is
in coexistence with S-MoS, and M-MoS, with a metallic phase
concentration of 50—70%.'® Though specific volumetric
capacitance of ~700 F/cm® has been obtained with metallic
phase MoS, in aqueous electrolyte, there is no denying that the
impurity has a great chance to trigger the phase transformation
from metallic phase to semiconducting phase of MoS, and
degrade the electrochemical storage capacity and reliability."
Thus, the electrochemical storage performance for pure
metallic phase MoS, remains unknown. After we determined
the preparation method for pure metallic phase MoS, with a
hydrothermal method, it was highly desirable to study the
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Figure 1. (a) High electrical conductivity of M-MoS, builds a “highway” for high speed of electric and hybrid electric vehicles. (b) Schematic
illustration of the multilayer M-MoS,—H,O based symmetric supercapacitor. (c) XRD of M-MoS,—H,0. (d) HRTEM image indicating multilayer
and porous structure. (e) Pore-size distribution showing that the average pore size of M-MoS, is around 2 nm. (f) Raman spectroscopy of M-MoS,

and S-MoS,.

electrochemical storage performance of highly pure metallic
phase MoS,.

Herein, we for the first time demonstrated that the pure and
multilayer M-MoS, nanosheets deliver a specific capacitance of
380 F/g in Li,SO, electrolyte under the scan rate of S mV/s
and maintain 105 F/g under the scan rate of 10 V/s. We also
examined high rate capacitance performance in H,SO, and

Na,SO, electrolytes. As an electrode material for super-
capacitor, the resulted multilayer MoS, with pure metallic
phase has the advantages of more ion-accessible sites and rapid
ion/electron transport, giving rise to both faradic and
nonfaradic processes occurring during charge—discharge
process and thus a high specific capacitance. Moreover, the
stability of the M-MoS, is associated with the adsorption of a
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Figure 2. Morphology of as-prepared MoS,. (a) SEM image of MoS, showing a nanosheets structure. (b,c) TEM images with different resolutions
indicating multilayer nanostructures. (d) Atomic resolution TEM image of MoS, showing atom arrangement.

monolayer of water molecules on both sides of the nanosheets,
which reduce restacking and prevent aggregation, resulting in
an excellent cycling performance even at a relatively high scan
rate.

Results and Discussion. The multilayer and pure metallic
phase MoS, dispersion is rarely prepared and its intrinsic
electrochemical behavior for supercapacitor has never been
investigated. The main reason is that metallic phase MoS, is
unstable under high temperature, pressure, and strain. Here, we
employ a hydrothermal method to obtain the multilayer and
pure metallic phase MoS, as described in Experimental
Methods. In our previous work,'* we found a bilayer of water
was attached on the surface of M-MoS,. The as-prepared M-
MoS, is highly stable in water due to the reduced stacking of
the layered materials, which are separated by water molecules."*
This ultrafast supercapacitor with multilayer and pure metallic
phase MoS, as an electrode can potentially be used in a hybrid
electrical vehicle to provide high power density, Figure 1a. The
mutlilayer M-MoS, with bilayer water is able to provide
efficient ion and electron transfer pathways due to its unique
structure and high electrical conductivity. A schematic of this
multilayer superstructure of MoS,—H,O system is shown in
Figure 1b in which electron transportation is along MoS, layer
and ion transfer and adsorption is along water molecules. The
presence of the water molecule layer along with M-MoS, was
confirmed with the X-ray powder diffraction (XRD) patterns of
wet M-MoS, shown in Figure. lc. The peak at 7.5° which
corresponds to a spacing of 11.8 A, was assigned to (001)-H,0
for M-MoS,—H,O, which contains a bilayer of water molecules

between the adjacent layers of MoS, nanosheets. The layer
thickness of M-Mo$S, ~ 6.2 A and the thickness of a monolayer
of water 2.8 A were confirmed in our previous work."* The
result was also previously confirmed by XRD."” This distance
between layer and layer can be seen as nanochannels and is
suitable for H' and Li* transportation and adsorption in
supercapacitor applications.

Nano-size pores were identified by high-resolution trans-
mission electron microscopy (HRTEM) in the as-prepared
MoS, nanosheets. Porous structure, an excellent property for
supercapacitor, can increase specific surface area and enhance
the transportation of ions through two-dimensional planes.
Various techniques of making holes were employed in graphene
to increase surface area for supercapacitor applications."”’
Here, we found nanosize pores in our as-prepared MoS,
nanosheets. HRTEM displays the size of the pores as around
1—-3 nm, Figure 1d. The size of these pores is further confirmed
by specific surface area analyzing in Figure le, in which 2 nm
pores dominate in these MoS, nanosheets. These pores
contribute to ion accommodation and ion transportation of
H" and Li*. This property was never found in previous metallic
phase MoS, prepared by Li-intercalated semiconductor M-
MoS,. The formed pores in our MoS, result from the synthesis
condition such as high temperature and high pressure.

To further indicate that the as-synthesized M-MoS, is pure
metallic phase without semiconductor structure, Raman
spectroscopy (Figure 1f) was studied and shows peaks at
148, 227, 321, and 403 cm™ for the feature vibrations of M-
MoS, sample. The main peak associated with Mo—Mo metallic
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Figure 3. Electrochemical performance of multilayer metallic MoS, in standard three electrodes systems. (a) CV curves for three kinds of electrolytes
at the same scan rate of 100 mV/s. (b) Galvanostatic charge/discharge performance under different scan rates in three kinds of electrolytes. (c—f)
CV curves of M-MoS, in 0.5 M Li,SO, electrolyte at different scan rates of 100, 1000, 5000, and 10000 mV/s, respectively. (g) Evolution of specific
capacitance versus scan rates. (h) Galvanostatic cycles at different current rates from 1 to 10 A/g in Li,SO, electrolyte.

vibration is located at 148 cm™, which shows a little higher

shift relative to 146 cm™ in our previous experiment. The 150
and 160 cm™" of Raman vibration peaks are usually found in
metallic phase MoS, obtained by Li-intercalated semiconductor
MoS,.”*"** S-MoS, only exhibits typical Raman shifts of 378
and 404 cm™' for El2g and Alg, respectively.

Two-dimensional multilayer structure of as-prepared M-
MoS, is confirmed by scanning electron microscopy (SEM)
and HRTEM. From SEM, the as-prepared M-MoS, sample
displays typical nanosheets morphology (Figure 2a). The lateral
size is around 100 nm. These nanosheets are connected with
each other during the dry process. This close contact network
of as-prepared M-MoS, with excellent electrical conductivity
could facilitate the electron transport. However, these nano-
sheets did not aggregate like a dense ball that frequently
appeared in semiconductor MoS,, which may lead to inferior
electric/ionic transport rate and lower effective contact areas
between electrode and electrolyte.””** The better stability of
M-MoS, ascribe to better hydrophilic property, which is further

confirmed by contact angle described in Figure S1. This result
suggests that as-prepared M-MoS, has a good match of surface
energy with water solvent. As a result, it also explains the
hydrophilic property of this metallic phase MoS,. This
multilayer structure and hydrophilic property benefit the ion
adsorption and transportation for the development of high-rate
supercapacitors.

The structures of the as-prepared M-MoS, were further
characterized by TEM and HRTEM. TEM images show the as-
prepared M-MoS, is multilayer in Figure 2b and Figure S2.
HRTEM images show that the thickness of as-prepared M-
MoS, layer is about 3.25 nm for ~S§ layer nanosheets in Figure
2¢ and Figure S3. Therefore, the interlayer distance is around
0.65 nm, which is thicker than previous reported result (0.62
nm).”>~* Our understanding is the multilayer structure of as-
prepared M-MoS, with double layers H,O molecular results in
increased interlayer distance. This porous hierarchical structure
can behave as an “ion-buffering reservoir”, which can favor the
ion diffusion and assistant the ion adsorption onto the M-MoS,.
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Figure 4. Two electrodes electrochemical characterization of symmetric cells using M-MoS$, as both electrodes and 1 M Li,SO, as electrolyte. (a—e)
CV curves at different scan rates of 50, 100, 500, 1000, and 5000 mV/s, respectively. (f) Evolution of the discharge current density versus scan rates.
(g) Evolution of specific capacitance versus scan rates. (h) Galvanostatic charge/discharge profile at different current densities. (i) Long-term cycling

performance of the symmetric electrochemical cell devices.

The layer distance varies with the number of layers. In as-
prepared M-MoS,, no amorphous morphology can be detected
from HRTEM analysis. We believe that high crystalline MoO;
as raw materials plays a critical role in forming high quality M-
MoS,. The morphology of this raw material with around 2 ym
thickness is displayed in Figure S4. The high crystalline MoOj;
suitable for synthesizing thicker multilayer MoS,. Atomic
resolution TEM (Figure 2d and Figure SS) displays the
ordered atom of Mo arrangement of metallic phase MoS,.
Furthermore, X-ray photoelectron spectroscopy (XPS)
provides the information on Mo 3d and S 2p spectra (see

Figures S6 and S7). The binding energies located at 228.7 and
2319 eV correspond to 3ds,, and 3d;,, orbits of Mo 3d,
respectively. The binding energies located at 161.7 and 162.8
eV indicate the S 2p;,, and 2p,,, orbits, respectively. These
binding energy values from Mo 3d and S 2p can only be
observed in metallic phase MoS, and can never be detected in
semiconductor MoS,. On the basis of XRD, TEM, Raman, and
XPS results, we can conclude that the as-prepared MoS, is a
multilayer MoS, with pure metallic phase structure.

The electrochemical storage properties were first investigated
in different aqueous solutions, that is, 0.5 M H,SO,, Na,SO,,
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and Li,SO,. Traditional three electrode configuration was
adopted where M-MoS, was drop-casted onto glassy carbon as
the working electrode and platinum foil and saturated AgCl/Ag
as counter and reference electrode, respectively. We reason
metallic phase MoS, exhibits distinguished capacitive perform-
ance compared to previous work because of the multilayers and
metallic phase. By discriminating our material from common
intercalated 1T formation MoS,, the symbolic cyclic voltammo-
gram (CV) curves appear to be perfectly overlapped with initial
cycle under high scan rates.

The capacitive behaviors in different solutions are compared
using CV curves in Figure 3a. Li,SO, and Na,SO, electrolytes
could serve a wider electrochemical window between —1 to
025 V vs AgCl/Ag, while H,SO, supplies a narrow one
between —0.35 and 0.45 V vs AgCl/Ag, which is because MoS,,
especially 1T MoS,, is a good catalyst for hydrogen evolution
reaction in condensed proton environment.”' The proton is
small and can also be transported into nanochannels between
MoS, layers and pores. Under lower potential, hydrogen would
be easily produced, weakening potential application as an
anode. Figure 3b further compares specific capacitances for
three electrolytes by varying scan rates from 5 mV/s to as high
as 10 V/s. Supercapacitor using Li,SO, electrolyte obviously
provides a higher capacitive performance than using Na,SO,
under the same condition. Apparently Li,SO, plays the best
role among all the electrolytes upon capacitive energy storage.
The layer space is beneficial for Li* intercalation while impedes
the bigger Na' transportation at the same time. At the scan
rates from 100 to 5000 mV/s, the obtained CV curves are close
to the rectangular shape (Figure 3c—e), indicating the fast
charge propagation within the electrodes. By increasing the
scan rate up to 10 V/s and above, a certain deviation from the
rectangular shape is observed for the CV curves (Figure 3f).
The scan rate versus current density performs a straight linear
relationship (Figure 3g). Both the rectangular shape and linear
coeflicient indicate good capacitive behavior. Specifically, MoS,
electrode delivers a maximum specific capacitance of 380 and
170 F/g under the scan rates of S and 10000 mV/s,
respectively. Galvonastatic charge/discharge (GCD) measure-
ments are performed in Li,SO, aqueous electrolyte at current
rates of 1,2, S, 8, and 10 A/g (Figure 3h). All curves possess a
near symmetric triangular shape, especially under high current
density, indicating the excellent performance of the M-MoS,
electrode. The specific capacitance values derived from the
GCD curves at 1 A/g is in well agreement with those from CV
curves. In addition, the discharge capacity in Figure 3h is
slightly larger than the charge capacity at the current rates of 1
and 2 A/g, indicating hydrogen evolution reaction occurs at a
very negative potential (—0.8 V versus AgCl/Ag) of the
working electrode. This is because MoS,, especially M-MoS,, is
a favorable catalyst for hydrogen evolution reaction.

To evaluate the energy and power density of this bulk
metallic MoS, in supercapacitor, symmetric MoS, super-
capacitor cells were prepared and assembled in aqueous
Li,SO, electrolyte. CV curves with similar and more uniform
rectangular shape were obtained at different scan rates from 10
to S000 mV/s (Figure 4a—e). When further increasing the scan
rate up to 10 000 mV/s, exterior rectangular deformation of the
CV curve would happen. Figure 4f shows the linear trend of
current density function as scan rates; we confirm that S000
mV/s was the fast charge—discharge rate employed for the
device. What counts is that the trend for high rate scanning was
designated for MoS, itself as there is no other additive or

binder during electrode preparation but pure MoS,. To
proceed further, we notice that the rate capability is in
agreement with the material itself with 50% capacity retention
by increasing from SO to 5000 mV/s (Figure 4g). Moreover,
the specific capacitance under 50 mV/s is 249 F/g, which
accounts for 89.9% of three electrode system (278 F/ g at 50
mV/s). To date, the bulk MoS, electrode displays the highest
capacitance over such a large range of scan rates. GCD curves
of the M-MoS, electrode are recorded with various current
densities to further evaluate the electrochemical performance.
As shown in Figure 4h, these typical triangular-shape charge/
discharge curves exhibit good symmetry and fairly linear slopes
at different current densities, again demonstrating the ideal
capacitive characteristic. The cycling performance of this
symmetric supercapacitor was measured over 10000 charg-
ing/discharging cycles at S A/g (Figure 4i). The specific
capacitance is maintained at 150 F/g and the capacity retention
is up to 88% even after 10 000 cycles. This high current density
and high capacity retention of the M-MoS, symmetry capacitor
pave the way for the promising applications in electrical vehicle,
wearable electronics, and so forth. Furthermore, we tested the
control samples of S-MoS, and mixture MoS,. Figure S8a
shows CV curves of M-MoS,, S-MoS,, and mixture-MoS, (S-
MoS,/M-MoS, = 1:1 by weight) at a scan rate of 100 mV/s.
Clearly, M-MoS, reflects the largest area of the curve among
the three samples, which indicates its superior capacitive
performance. Derived from GCD curves in Figure S8b, M-
MoS,, S-MoS,, and mixture-MoS,, respectively show a
discharge capacitances of 183, 7, and 61 F/g at a 1A/g. The
obtained Nyquist plots are shown in Figure S8c. Typically, the
intersecting point with the real axis at high frequency indicates
the equivalent series resistance (Rs) and the high-frequency
semicircle corresponds to the charge transfer resistance (Rct).
The relatively low Rs and Rct values of M-MoS, roughly
estimated from Nyquist plots implies that the M-MoS, has
smaller internal resistance and faster electrochemical kinetics
compared with S-MoS, and Mixture-MoS,. We further evaluate
the energy and power density of this bulk M-MoS,, they are 51
Wh/kg and 1000 W/kg under 1 A/g. This result is displayed in
Figure S9

The excellent electrochemical performances of the M-MoS,
are ascribed to their hydrophilicity and high electrical
conductivity, as well as multilayers structures with abundant
nanochannels. The M-MoS,—H,O functions in various aspects,
such as (1) the high electrical conductivity of metallic phase
MoS, greatly enhances the electric conductivity of the electrode
and benefits the charge transfer; (2) its inner porous structure
and superhydrophilic property provide an eflicient condition
for diffusion of electrolyte ion; (3) the adsorption of a
monolayer of water molecules on both sides of the nanosheets
reduce restacking and remarkably accommodates the volume
variations resulting in satisfying cycling stability even at
relatively high scan rates; and (4) no other additive or binder
during electrode preparation but pure M-MoS, allows efficient
utilization of active material and greatly improves the electrical
conductivity and Li* diffusion performance.

Conclusions. In conclusion, multilayer highly pure and
water-coupled M-MoS, nanosheets were synthesized and first
applied to the supercapacitor. The obtained M-MoS, nano-
sheets show excellent electrochemical performance for super-
capacitor in aqueous electrolyte. Good electrical conductivity of
M-MoS, enables high electron transfer efficiency and benefits
energy storage for supercapacitor. Meanwhile, the monolayer
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water molecules in the nanochannels assist the ion transfer and
adsorption. This M-MoS, has outstanding adhesion onto
substrates and is employed as a binder-free and carbon-free
electrode. We found the best electrolyte is Li,SO, because the
layer distance of this MoS, is around 1.18 nm, which is suitable
for the high rate adsorption/desorption of ion onto/from MoS,
layers. The M-MoS,—H,O electrode delivers high capacitance
and excellent rate performance not only in three electrodes
systems but also in symmetrical two electrode capacitors. High
energy density and power density are obtained that are 51 and
1000 W/kg under 1 A/g current density, respectively. To
summarize, we for the first time realized this special multilayer
and water-coupled M-MoS, for high rate supercapacitor with
extraordinary performance. Meanwhile, water-coupled M-MoS,
sample can be dispersed uniformly in water. Therefore, the
highly conductive water-coupled M-MoS, is promising for the
application as high rate supercapacitor.

Experimental Methods. M-MoS, and S-MoS, Prepara-
tion. Twelve milligrams of MoOj; (Fisher Scientific, U.S.A.), 14
mg of thioacetamide (Sigma-Aldrich, U.S.A.), and 100 mg of
urea (Fisher Scientific, U.S.A.) were added into 10 mL of
deionized (DI) water, followed with 1 h of magnetic stirring at
500 rpm. Then the well-mixed solution was transferred to an
autoclave (Parr Instrument Corp.) and kept in a furnace for 18
h at 200 °C for M-MoS, and 240 °C for S-MoS,. Then the
autoclave was cooled down in room temperature. The as-
prepared metallic MoS, was washed with DI water and ethanol
individually and then stabilized in the mixture of DI water and
ethanol.

Sample Characterization. Transmission Electron Micros-
copy Observations. TEM and HRTEM imaging and electron
diffraction were performed on a FEI Tecnai G2 F20 S-Twin
microscope operated at an accelerating voltage of up to 100 kV.
The TEM sample was prepared by ultrasonic at 500 W for ~§
min, and 25 uL of supernatant was dropped onto holey carbon
grids.

Scanning Electron Microscopy Observations. Morphology
and composition of the as-prepared MoS, was characterized by
an ultrahigh resolution scanning electron microscopy (Hitachi
$4800), which has an optimum resolution of 1.4 nm. The MoS,
film was imaged under ultrahigh resolution mode at 3 kV
accelerating voltage to reveal the morphology. For composition
analysis, uncoated samples were analyzed by the accessorily
equipped energy dispersive X-ray spectroscopy at 15 kV
accelerating voltage.

X-ray Photoelectron Spectroscopy. XPS was conducted
using an Axis Ultra DLD (Kratos) system. The vacuum of the
chamber was 1 X 10~ Torr. A monochromatic aluminum K
source with a source power of 150 W (15 kV X 10 mA) was
used. The pass energy was 160 eV for wide scans and 40 eV for
Narrow scans.

Raman Spectroscopy. Raman spectroscopy was performed
using a LabRam HR800 UV NIR and 532 nm laser excitation
with working distances on a 50X lens. The Raman spectra of
the metallic MoS, were recorded by depositing the samples on
silicon substrates.

XRD Patterns. XRD patterns of MoS, were recorded for two
O-values ranging from 4° to 18° to characterize the interlayer
spacing. The characterization was performed on a Bruker AXS-
D8 Advance powder X-ray diffractometer using Cu/Ka
radiation (4 = 1.5406 A) with a step size of 0.02° and a
dwell time of 3.0 s.

Surface Area Analyzer. Surface area was measured on
Quantachrome NOVA 2200e.

Contact Angle Measurements. The contact was measured
by drop casting a droplet of water (S uL) on the sample film
and measuring the angle between the droplet and MoS,. The
contact angle was determined by contact angle tester
(DataPhysics instruments GmbH, Filderstadt, Germany).

Electrochemical Analysis. Electrochemical measurements
were conducted on Biologic SP150. For tests in three-electrode
cell configuration, 0.5 M H,SO,, Li,SO,, and Na,SO, were
used as the electrolyte solutions, and saturated AgCl/Ag and
platinum foil were used as reference and counter electrode,
respectively. Cyclic data was collected between —0.25—0.55 V
versus AgCl/Ag with scan rates ranging from 10 to 300 000
mV/s. The voltage window was chosen to avoid hydrogen
evolution and oxidation beyond the scope. Typically, prior to
drop-casting MoS, onto the surface of glassy carbon working
electrode, MoS, was sonicated for at least 20 min. Ten
micrograms of active material was casted on glassy carbon and
dried in air. The active material mass loading was about 0.14
mg/cm?® The specific capacitance (C, F/g) is calculated
according to equation C = It/V, where I is the mass normalized
current (A/g), t is the discharge time (s), and V'is the potential
range (V). Energy density (E, Wh/kg) and power density (W/
kg) of the materials are calculated based on the total mass of
electrodes by the following equations: E = 0.5CV* and P = E/T,
respectively. T is the discharge time of the charge—discharge
curves from where the specific capacitance is calculated."
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