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In this paper, a new type of nitrogen-doped carbon fiber/molybdenum disulfide (N-CFs/MoS,) hybrid
electrode materials are prepared via a certain concentration in solvothermal synthesis followed by
a high-temperature carbonization process and using the carboxymethylcellulose ammonium (CMC-NH,)
as a structure-directing agent for MoS, nanosheet growth during the solvothermal synthesis process.
The addition of CMC-NH,4 effectively prevents the agglomeration of MoS, nanosheets to increase the
specific surface area. Moreover, it not only serves as a carbon source to provide conductive pathways,
but also introduces N atoms to improve the conductivity of the CFs and promote the transfer of
electrons and ions. This ultimately increases the conductivity of the electrode materials. Thus, the as-
prepared N-CFs/MoS, hybrids exhibit excellent electrochemical performance. The specific capacitance is
up to 572.6 F g™t under a current density of 0.75 A g~* and the specific capacitance retained 98% of the
initial capacitance after 5000 cycles of charge—discharge tests at a current density of 2.5 A g%
Moreover, the hybrids show a maximum energy density of 19.5 W h kg™ at a power density of
94 W kg~t. Therefore, the as-prepared N-CFs/MoS, hybrids with remarkable electrochemical properties,
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Introduction

The diminishing reserves of non-renewable fossil fuels and the
changing global climate have led to efforts to find sustainable,
renewable energy and conversion and storage devices that
possess the advantages of high efficiency, environmental
friendliness and reutilization.””® Lithium-ion batteries and
supercapacitors are the two common energy systems with
excellent performance of high-capacity and fast charge/
discharge rates.*® As one kind of important electrochemical
energy storage device, supercapacitors with high power density,
low cost, high reliability, environment-friendly and long life and
other advantages have aroused people's widespread interest
with the rapid development of electric vehicles, clean energy
storage and other electronic products.®*® Their performance
mainly relies on physicochemical processes at the electrode—
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high-performance electrochemical energy storage devices.

electrolyte interface such as ion transfer, charge transfer and
electrodes wetted by electrolyte. Therefore, electrode materials
are one of the main factors that affect the electrochemical
performance of the supercapacitor and the current research
focus is mainly on the electrode material with excellent elec-
trochemical properties and appropriate microstructure.**

As a typical 2D transition metal dichalcogenides (TMDs)
layered material, molybdenum disulfide (MoS,) shows
graphene-like structure and has a layered structure held
together by weak van der Waals forces, and in which molyb-
denum atoms are sandwiched between two layers of sulfur
atoms. Its researches on energy storage devices have achieved
improved interest in recent years because of they can provide
high specific surface area for charge storage of electric double
layer."**> However, it is reported that the MoS, electrode can
exhibit a fast capacity decaying and inferior rate capability
during charge-discharge cycling because of its large volume
change and poor electrical/ionic conductivity between the two
adjacent S-Mo-S sheets.'*"® Moreover, during the synthesis, the
MoS, nanosheets can grow and self-assemble together ascribe
to its 2D structure. Consequently, hybridization of MoS, with
other conductive materials to form hierarchical nanostructures
is an effective method to improve the dispersion of MoS,
nanosheets and enhance its conductivity to achieve optimal

This journal is © The Royal Society of Chemistry 2018
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specific capacitance. Currently, MoS,-based hybrids such as
MoS,/RGO, MoS,/PANI, MoS,/carbon fibers, and -cellulose
nanofibers/MoS,/RGO as electrode materials for super-
capacitors have been reported in the articles."®>* Although the
hybrids' electrochemical performances are not poor, the
substrates are not environmentally friendly and renewable.

Cellulose ether is an important cellulose derivative.”® It is the
generic terms of a variety of derivatives obtained after alkali-
zation, etherification, purification and drying the natural
cellulose which as raw material and it is widely used in many
fields such as agriculture, industry, daily chemical industry,
aerospace and defence, environmental protection, biomedicine,
nanomaterials, optoelectronic materials and so on for its
abundant resource, low cost, and eco-friendliness. Carboxy-
methylcellulose ammonium (CMC-NH,) is a kind of ionic
cellulose ether which can easily dissolve in water for it has
a number of ammonium carboxymethyl groups (-CH,-
COONH,). Using it as a carbon source can obtain nitrogen-
doped carbon fibers (N-CFs) by high-temperature carboniza-
tion process. The introduction of nitrogen atoms can effectively
enhance the electron-donating ability of the surface of carbon
material and reduce the valence orbital energy levels to induce
synergistically enhanced conductive capacity.*

A novel, low-cost and environmentally friendly N-CFs/MoS,
hybrids are successfully prepared via solvothermal synthesis
followed by a high-temperature carbonization process (Fig. 1).
The CMC-NH, serves as a structure-directing agent in the sol-
vothermal synthesis of MoS, nanosheets. However, CMC-NH, is
a water-soluble cellulose ether that contains many ammonium
groups (-CH,COONH,). It maintains its molecular form when
dissolved in water, but it is insoluble in anhydrous ethanol.
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Therefore, ethanol aqueous solution with certain concentration
is first prepared, so that the CMC-NH, is slowly released into the
aqueous medium and still exists as fibers forms. It thus can
serve as a structure-directing agent for the growth of MoS,
nanosheets during the solvothermal synthesis process. The
addition of CMC-NH, effectively prevents the self-assembly
agglomeration of the MoS, nanosheets and thus helps to
increase the specific surface area of MoS,, which further
provides large numbers of active sites for electrochemical
reactions, offers more contact area for electrolyte and electrode
materials, and reduces the distance for ion diffusion. Moreover,
it not only serves as a carbon source to provide conductive
pathways, but also introduces N atoms to effectively improve the
electron-donating ability of the carbon material from its
surface, lower the valence orbital energy, and ultimately
improve the conductivity of the electrode materials. The as-
prepared low-cost electrode materials not only exhibit excel-
lent electrochemical performance but also are environmentally
friendly, making it a candidate for practical applications in the
energy field.

Experimental
Materials

CMC-NH,, with a degree of substitution of 0.9, was purchased
from Beijing North Century Cellulose Technology Research&-
Development Co., Ltd. Ethanol (EtOH), sodium molybdate
(Na,MoO,-2H,0), r-cysteine, potassium hydroxide (KOH) and
N-methylpyrrolidone (NMP) were analytic grade and purchased
from Sinopharm Chemical Reagent Beijing Co., Ltd. Poly-
vinylidene fluoride (PVDF) was provided by Sigma-Aldrich, Co.,

Fig. 1 Diagrammatic sketch of the preparation process of the N-CFs/MoS; hybrid electrode materials.

This journal is © The Royal Society of Chemistry 2018
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Ltd. Acetylene black and nickel foam were obtained from
Changsha Liyuan New Material Co., Ltd.

Preparation of CMC-NH,/MoS,, hybrid materials

Ethanol aqueous solutions (70 g) of different concentrations
(0%, 25%, 50%, 75%, and 100%) were first prepared, after
which the CMC-NH, (0.4 g) was magnetically stirred for 6 h and
dispersed in the above solutions. Then, Na,M0O,-2H,0 (0.4 g)
was magnetically stirred and ultrasonically dispersed in the
dispersions. L-cysteine (1 g) was added via magnetic stirring and
ultrasonic dispersion. The as-prepared dispersions were then
transferred into a 100 mL Teflon-lined stainless-steel autoclave
and heated at 200 °C for 24 h. After cooling naturally, the black
CMC-NH,/MoS, hybrid materials were collected by filtration,
washed with 85% ethanol solutions three to five times and
cleaned with anhydrous ethanol, and then dried under vacuum
at 60 °C for 24 h. For comparison, pure MoS, powder was
prepared via hydrothermal synthesis in a similar way.

Preparation of N-CFs/MoS, hybrid electrode materials

The above-prepared CMC-NH,/MoS, hybrid materials were
carbonized in a tube furnace under flowing nitrogen atmo-
sphere at a constant temperature of 800 °C for 2 hours with
a heating rate of 5 °C min~" and then cooled to room temper-
ature with a cooling rate of 10 °C min ™" to obtain N-CFs/MoS,
with CMC-NH, as carbon and nitrogen source. The preparation
process is shown in Fig. 1.

For comparison, N-CFs were also prepared from CMC-NH,
by high temperature carbonization under the same conditions.

Characterization

The microstructure and morphology of the samples were con-
ducted using a Hitachi S-4800 field-emission-gun scanning
electron microscope (SEM) at 5 kV and 15 kV and a JEM-200CX
transmission electron microscope (TEM). The chemical
composition was performed by the energy dispersive X-ray
spectroscopy (EDS). The high-resolution transmission electron
microscopy (HRTEM) observations were investigated on Tecnai
F20 TEM under 200 kV acceleration voltage. X-ray diffraction
(XRD) analysis was characterized with a Bruker AXS D8 Discover
diffractometer (Germany) using Cu-Ko radiation (1 = 1.5406 A)
and the 26 used in the measurements was range from 5 to 90°.
Fourier transform infrared spectroscopy (FT-IR) was measured
with a Magna-IR 750 spectrophotometer. X-ray photoelectron
spectroscopy (XPS) of the samples were characterized with a PHI
5300 Photoelectron Spectrometer (Perkin Elmer Instruments
Co. Ltd., USA). Thermogravimetric analysis (TG-DTA 6200 LAB
SYS) was carried out in air from 50 to 800 °C at a heating rate of

10 °C min .

Electrochemical measurements

The electrochemical properties of the as-synthesized N-CFs/
MosS, hybrids, MoS, and N-CFs were investigated on an elec-
trochemical workstation (on a CHI 660D, CH Instruments, Inc).
PVDF was added to NMP and magnetically stirred until it was
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completely dissolved and the mixture turned transparent. The
concentration of the PVDF/NMP solution was 0.01 g mL™". The
as-synthesized three materials were each ground in an agate
mortar and mixed with acetylene black and the PVDF/NMP
solutions by magnetic stirring until uniformly mixed. The
mass ratio of electroactive material to acetylene black and PVDF
was 8 : 1 : 1. The mixture was then evenly coated onto a Ni foam
current collector (1 cm x 3 cm) and the coating area measured
1 x 1 cm?. The electrode was dried in an oven at 60 °C for 18 h
until all the NMP was evaporated, after which the Ni foam
coated with the electrode material was pressed into thin sheet.
For the three-electrode system tests, the thin Ni foam sheet with
electrode material was used as a working electrode. Pt and Ag/
AgCl were used as counter and reference electrodes, respec-
tively. The electrode clips were respectively clamped on the
corresponding working, counter, and reference electrodes for
electrochemical testing and a KOH aqueous solution (6 M) was
used as an electrolyte. For the two-electrode system, two iden-
tically sized electrode sheets were used as symmetrical elec-
trodes tested in the 6 M KOH electrolyte.

The cyclic voltammograms (CV) were performed at scan rates
of 10, 20, 50, 100, 200 and 400 mV s~ ' with a potential range of
—0.9 to 0.1 V. The galvanostatic charge-discharge (GCD) prop-
erties were recorded in a potential window of —0.9 to 0.1 V at the
current densities of 0.75, 1.5, 2.5, 5 and 10 A g~ '. The electro-
chemical impedance spectroscopy (EIS) was assessed using
a sinusoidal signal of 5 mV within the frequency range of
0.01 Hz to 10° Hz under open circuit potential. Cyclic stability
was measured using GCD measurement for over 5000 cycles at
the current density of 2.5 A g™ .

All the electrochemical parameters are calculated as follows,

The gravimetric capacitance (Cg, F g ):

Ce = ([idW)(v x m x V) (CV curves)
or Cy = I x At/(AV x m) (GCD curves)

where v (mV s~ ') is the voltage scan rate, V (V) is the potential
window, m (g) is the mass of the active substance, I (A) is the
applied current, At (s) is the discharged time, AV (V) is the
discharged potential.

The energy density (E, W h kg™') and power density (P, W

kg™ "):
E=112 x C x AV?
P = E/At

where C (F g7") is the capacitance of the symmetric two-
electrode supercapacitor. At (h) is the discharged time, AV (V)
is the discharged potential.

Results and discussion
Characterization of N-CFs/MoS, hybrid electrode materials

Fig. 2 shows the scanning electron microscope (SEM) images of
CMC-NH,, N-CFs and MoS,. The observed diameter of the
intertwined cylindrical and ribbon-like CMC-NH, fibers, which

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 SEM images of CMC-NH,4 (a), N-CFs (b), and MoS, powder (c).

are several hundred micrometers in length as shown in Fig. 2a,
is 10-15 um. After water loss due to carbonization, almost all
the N-CFs exhibit ribbon-like fibers with virtually no change in
length (Fig. 2b). The SEM image of MoS, powder prepared via
hydrothermal synthesis is displayed in Fig. 2c. The MoS,
powder exhibits a relatively uniform and spherical shape with
an average diameter of approximately 350 nm. These spheres
consisted of MoS, nanosheets, indicating that the as-prepared
MoS, nanosheets would easily self-assemble into a flower-like
structure.

The SEM images of CMC-NH, and CMC-NH,/MoS, prepared
via solvothermal synthesis under ethanol solutions with
different concentrations are shown in Fig. S1f. CMC-NH, is
a polymer whose substituent group (-CH,COONH,) is hydro-
philic, so it is insoluble in anhydrous ethanol but readily
soluble in water. Generally, polymers swell first and then
dissolve in the dissolution process. They are normally
composed of flexible chains that are easily curled into spherical
shapes in solution. Therefore, after CMC-NH, is dissolved in
water, treated hydrothermally, and washed with ethanol, its
microscopic morphology changes from fibrous to a smooth
spherical shape with a diameter of 1-5 pm, as shown in Fig.-
S1a.t Therefore, the MoS, nanosheets are coated on the surface
of the CMC-NH, spheres (Fig. Sib}) in the CMC-NH,/MoS,
which is synthesized on the CMC-NH, matrix in the aqueous
medium, and the self-aggregation could not be prevented
effectively. When the synthesis is conducted under ethanol
solution with a concentration of 25%, the rate of dissolution for
CMC-NH, is slightly lower than that in water. Therefore, CMC-
NH, is not completely dissolved, and a small number of short-
length CMC-NH, fibers remained at the end of the reaction
(Fig. Sict). Fig. S1dt shows the microscopic morphology of
CMC-NH,/MoS, hybrids prepared via solvothermal synthesis in
25% ethanol solution. The MoS, nanosheets are uniformly
attached on the surface of CMC-NH, fibers that are not dis-
solved completely, while the remaining dissolved spherical
CMC-NH, are tightly coated by self-assembled MoS, nano-
sheets. The self-agglomeration is still not effectively prevented.
When the concentration of ethanol solution is further increased
to 50%, the dissolution rate of CMC-NH, is even slower. The
morphology of CMC-NH, still maintains its fibrous structure,
but it changes from long-length fibers to short-length fibers and
rods (Fig. S1et). The SEM image of the CMC-NH,/MoS, hybrids

This journal is © The Royal Society of Chemistry 2018

prepared under the same conditions is displayed in Fig. S1f.}
Obviously, the CMC-NH, serves as a structure-directing agent
for the growth of MoS, nanosheets so that they are evenly grown
on the surfaces of the CMC-NH, fibers. Thus, the self-assembly
agglomeration of MoS, nanosheets is effectively avoided.
Moreover, the CMC-NH, is almost insoluble as the concentra-
tion of ethanol solution increased to 75%, so the CMC-NH,
exhibits a fibrous structure almost similar to its initial
morphology (Fig. S1gt). However, MoS, nanosheets can only be
formed when Na,Mo0O,-2H,0 and r-cysteine react in aqueous
solutions. The amount of water is not sufficient for the
synthesis of MoS, nanosheets in 75% ethanol solution. Conse-
quently, only a small amount of MoS, nanosheets are formed
and sparsely adhered to the surface of CMC-NH, fibers
(Fig. S1ht). Furthermore, no MoS, nanosheets are formed in
anhydrous ethanol, in which the CMC-NH, is insoluble and
Na,Mo0O,-2H,0 does not react with r-cysteine. Hence, only
CMC-NH, fibers are observed in Fig. S1i and j.}

Fig. 3 shows magnified SEM images of CMC-NH,/MoS,
hybrids prepared solvothermally in 50% ethanol solution, N-
CFs/MoS, hybrid electrode materials prepared by high-
temperature carbonization, the EDS spectra, and the corre-
sponding EDS mappings of elements. As shown in Fig. 3a, the
CMC-NH, successfully serves as the structure-directing agent
for the growth of MoS, nanosheets in 50% ethanol solution. The
as-synthesized MoS, nanosheets are evenly grown on the
surfaces of the CMC-NH, fibers, indicating that the CMC-NH,
successfully prevents the self-accumulation of MoS, nanosheets
during the synthesis process. After high-temperature carbon-
ization, the MoS, nanosheets are still uniformly attached on the
surfaces of CMC-NH, fibers (Fig. 3b). The EDS spectra (Fig. 3c)
and mass percentage of the elements (Fig. 3h) further demon-
strate the co-existence of the elements as follows: C (49.78%), N
(4.71%), S (21.48%), and Mo (24.03%); and the C and N atoms
are derived from N-CFs in N-CFs/MoS, obtained by high-
temperature carbonization of CMC-NH,/MoS,. In addition,
the EDS mappings of elements shown in Fig. 3d-g provide more
evidence for the co-existence of C, N, S, and Mo atoms,
respectively. This further confirms that MoS, nanosheets are
uniformly grown on the surfaces of CMC-NH, fibers. Moreover,
the atomic percentages of S and Mo in N-CFs/MoS, electrode
materials are 14.39% and 6.94%, respectively, which is consis-
tent with the molar ratio of 2 : 1 in MoS,.

RSC Adv., 2018, 8, 28944-28952 | 28947
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Fig. 3 SEM images of magnified view of (a) CMC-NH,4/MoS, hybrid materials, (b) N-CFs/MoS, hybrid electrode materials. (c) EDS spectra of the
elements of N-CFs/MoS, hybrid electrode materials, (d—g) The corresponding EDS elemental mappings of N-CFs/MoS, hybrid electrode
materials, (h) the weight percentages and atomic percentages of the elements.

The morphology of the N-CFs/MoS, hybrid materials is
further investigated by high resolution transmission electron
microscopy (HRTEM). In Fig. 4a, five to eight layers of MoS,
nanosheets can be observed with a spacing of 0.63 nm which
corresponds to the (002) lattice of hexagonal MoS,. Fig. 4b
shows selected-area electron diffraction (SAED) spectra of the
MoS,. The diffraction rings correspond to the characteristic
diffraction peaks of the (110), (103), (100), and (002) crystal
planes of MoS, respectively, which are consistent with the XRD
pattern of MoS,.

The crystalline structures of the CMC-NH,, MoS,, N-CFs,
CMC-NH,/MoS,, and N-CFs/MoS, are characterized by X-ray
diffraction (XRD) as shown in Fig. 5a. A sharp characteristic
diffraction peak at a 26 angle of 19.5° is detected in the XRD
pattern for CMC-NH,, corresponding to the (110) crystal plane
of a typical cellulose II crystal structure.* In the XRD pattern for
pure MoS, powder, the characteristic diffraction peaks at 26
angles of 14° and 59° are assigned to the (002) and (110) crystal

Fig. 4 The HRTEM image (a) and SAED pattern (b) of N-CFs/MoS,
hybrid electrode materials.

28948 | RSC Adv., 2018, 8, 28944-28952

planes, respectively, whereas the stacked diffraction peaks
around 26 angles of 33-40° are assigned to the (100) and (103)
planes, respectively.”® The XRD pattern of CMC-NH,/MoS,
exhibits characteristic diffraction peaks similar to those of
CMC-NH, and MoS,, indicating that the MoS, nanosheets are
successfully grown on the surfaces of CMC-NH, fibers.
However, the characteristic diffraction peak at a 26 angle of
19.5° is weaker than that of the pure CMC-NH,. This is because
part of the crystalline structure of CMC-NH, is destroyed by
water molecules during the solvothermal synthesis process,
thus converting the long-length fibers to short-length fibers and
rods. The XRD pattern of N-CFs/MoS, shows the characteristic
diffraction peaks of MoS, and N-CFs. The peaks at a 26 angle of
19.5° disappeared completely for N-CFs/MoS, and N-CFs, while
two new characteristic diffraction peaks are observed at 20
angles of 24.6° and 44°, which correspond to the (002) and (100)
crystal planes of graphene, respectively, indicating that the N-
CFs/MoS, and N-CFs have a low degree of graphitization.””
The Fourier transform infrared spectroscopy (FTIR) spectra
of pure MoS, powder, CMC-NH,, N-CFs, CMC-NH,/MoS,, and
N-CFs/MoS, hybrids are shown in Fig. 5b. The weak peak at
590 cm ™' for pure MoS, powder is attributed to the Mo-S
vibrations.?® In the FTIR spectrum of CMC-NH,, the strong and
broad absorption peak at 3399 cm ™' corresponds to its O-H
stretching vibrations,* the characteristic absorption peak at
2919 cm ™ corresponds to the stretching vibrations of C-H, and
the characteristic absorption peaks at 1604 and 1418 cm™ " are
due to the vibrations of -COO- in the carboxylate groups.*
Moreover, the characteristic absorption peak at 1052 cm™ " is
attributed to the stretching vibrations of C-O-C, which proves
the existence of ether linkage in six-membered rings.*

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 XRD patterns (a), FT-IR (b), XPS (c) and TG (d) of samples.

Compared with CMC-NH,, the characteristic absorption peaks
of the above functional groups almost disappear in the FTIR
spectra of N-CFs, while two new absorption peaks appear at
1550 and 1165 cm ™', which can be assigned to the characteristic
absorption peaks of C=N and C-N bonds, respectively. It is
further proved that the CMC-NH, is successfully carbonized and
nitrogen-doped. Additionally, the CMC-NH,/MoS, maintains
the characteristic absorption peaks of CMC-NH, and MoS,, and
N-CFs/MoS, contains the characteristic peaks of N-CFs and
MoS,. These also confirm that the MoS, nanosheets are
successfully and evenly attached on the surfaces of CMC-NH,
and N-CFs. Fig. 5¢ shows the X-ray photoelectron spectroscopy
(XPS) spectra for the as-prepared samples. The characteristic
absorption peaks of O 1s, C 1s, N 1s, S 2p, and Mo 3d are
detected, while characteristic peaks for only C 1s, N 1s, S 2p, and
Mo 3d are observed for N-CFs/MoS, hybrid electrode material.
This is also consistent with the EDS results shown in Fig. 3.
Fig. 5d shows the thermogravimetric analysis (TG) analysis
graph for the as-prepared samples. Both physical and chemical
changes are involved in the thermal decomposition process of
CMC-NH,, as shown in Fig. 5d. The slight weight loss from
50 °C to 220 °C is due to the evaporation of the physically
absorbed water. There is a relative large weight loss in the range
of 220-290 °C, while a very large and rapid weight loss is

This journal is © The Royal Society of Chemistry 2018

Temperature (C)

detected in the range of 290-380 °C due to the decomposition of
CMC-NH,. The weight loss is mainly caused by the removal of
volatile gases generated from the decomposition of organic
compounds. As the temperature continued to increase, the rate
of weight loss gradually decreased, and a constant weight is
obtained after 600 °C when only a small amount of sodium salts
are the major residuals. The weight loss of N-CFs is also mainly
caused by its decomposition, with a small quantity of sodium
salts as residuals. However, the weight loss of MoS, comes from
the oxidation of MoS, to MoO; and SO, when heated to 315 °C.
Thus, the weight losses in CMC-NH,/MoS, and N-CFs/MoS, are
not only attributed to the decomposition of CMC-NH, and N-
CFs substrates, but also to the oxidation reaction of MoS,.
Therefore, the main residues are dominated by a small amount
of sodium salts and MoOj.

The specific surface area and porous structure of the samples
are characterized by measuring the N, adsorption-desorption
isotherms. It can be seen from the isotherm curves (Fig. S2at)
and the pore size distribution (Fig. S2bt), the samples of MoS,,
CMC-NH,, N-CFs, CMC-NH,/MoS, and N-CFs/MoS, are mainly
characteristic of micropores and mesoporous, and their specific
surface areas are in order of 9.3 m? g ', 14.73 m? g ',
18.76 m® g ', 40.47 m® g, 32.78 m®> g '. These results
demonstrate the addition of the CMC-NH, effectively prevents
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the agglomeration of MoS, nanosheets during the solvothermal
synthesis of MoS, and thus increasing the specific surface area.

Electrochemical characteristics of N-CFs/MoS, hybrid
electrode materials

The N-CFs/MoS, hybrids prepared above are then evaluated as
an electrode material for supercapacitors. For comparison, the
electrochemical performance of pure MoS, and N-CFs are also
tested. All tests are conducted under room-temperature
conditions.

Fig. 6a shows the cyclic voltammograms (CV) curves of the
pure MoS,, N-CFs, and N-CFs/MoS, hybrids at a scan rate of
50 mV s~ ' with a potential window range of —0.9 to 0.1 V. All the
CV curves exhibit a nearly symmetrical rectangular shape,
indicating ideal capacitive behaviors of the three materials. The
difference is the N-CFs/MoS, hybrids display a much higher
capacitance than the other two for the larger CV enclosed area
which can also be demonstrated by a longer discharge time in
the GCD curves at a current density of 2.5 A g~ * with voltage
between —0.9 and 0.1 V (Fig. 6¢). Fig. 6b exhibits the CV curves
of the N-CFs/MoS, hybrids at scan rates of 10 to 400 mV s~ . As
can be seen from the figure, even the scan rate is increased to
400 mV s~ ', the CV curve still maintains an almost symmetrical
rectangular shape without significant deformation. This
provides evidence for the N-CFs/MoS, hybrids' fast response to
current when the voltage reverses. Furthermore, the specific
capacitance (Cy) of the N-CFs/MoS, hybrids calculated from the
CV curve at a scan rate of 10 mV s~ " is 588.5 F g~ ', which is
higher than those reported in the literature for MoS,/C based
electrodes, such as CF@MoS, nanocomposites synthesized by

View Article Online
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Liu et al. (503.7 F g~ ' at a scan rate of 50 mV s~ ' in 1 M Na,SO,
aqueous electrolyte),*® and porous tubular C/MoS, nano-
composites by Hu et al. (210 F g~ at a current density of
1 A g~ ").3* Moreover, it is higher than other MoS,-based hybrids,
such as MoS,/RGO (148 F g~ ' at a scan rate of 10 mV s~ ),* and
MoS,/PANI (575 F g~ * at a current density of 1 A g~ ).%°

Fig. 6d displays the galvanostatic charge-discharge (GCD)
curves of the N-CFs/MoS, hybrid electrode materials under
different current densities (0.75, 1.5, 2.5, 5, and 10 A g '). An
almost symmetrical triangular shape is observed in all of the
charge—discharge curves in the designated potential range,
indicating that the N-CFs/MoS, hybrids exhibit excellent
capacitance performance and fast current-voltage response.*
Fig. 6e presents the C; of the three materials which are calcu-
lated from the discharge curves at various current densities. As
can be clearly seen from the figure, the C, of the N-CFs/MoS,
hybrids are higher than the C, of the other two at the same
current density. And under a current density of 0.75 A g, the
C, of N-CFs/MoS, hybrids, pure MoS, and N-CFs are 572.6 F g,
198.7 Fg ' and 178.6 F g, respectively. In addition, the Cy of
them are maintained up to 456.4 F g !, 125.2 F g ' and
121.1 F ¢~ in order, which are 79.7%, 63.0% and 67.8% of the
initial C, even when the current density is increased to 10A g™ .
This illuminates the excellent capacitance retention property of
the N-CFs/MoS, hybrids when working as an electrode material.
Furthermore, for the large volume change and poor electrical/
ionic conductivity between the two adjacent S-Mo-S sheets of
MoS, (ref. 16-18) and the introduction of nitrogen atoms to the
carbonized CMC-NH,, the N-CFs has a higher capacitance
retention than MoS,.
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Fig.6 (a) Typical CV curves of the N-CFs/Mo$S, hybrid electrode materials, MoS, and N-CFs at a scan rate of 50 mV s, (b) Typical CV curves of
the N-CFs/MoS, hybrid electrode materials at different scan rates. (c) Typical GCD curves of the N-CFs/MoS, hybrid electrode materials, MoS,
and N-CFs at a current density of 2.5 A g~ (d) Typical GCD curves of the N-CFs/MoS, hybrid electrode materials at different current densities. (e)
The specific capacitance of the N-CFs/MoS, hybrid electrode materials, MoS, and N-CFs as a function of the current density. (f) Nyquist
impedance plots of the N-CFs/MoS, hybrid electrode materials, MoS, and N-CFs. Inset is a magnified view of the high frequency region.
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The electrochemical impedance spectroscopy (EIS) is one of
the most important methods for investigating the electro-
chemical behavior of electrodes and excellent electrode mate-
rials should possess high capacitance and low resistance.’*
Fig. 6f shows the Nyquist impedance spectra of the three
materials at a frequency of 0.01 Hz to 100 kHz under open-
circuit voltage. As shown in the Fig. 6f, in the low-frequency
region, the Nyquist plots display straight and almost vertical
lines, indicating that the three materials exhibit ideal capaci-
tance behaviors.*® The diffusion process of electrolyte ions in
the electrode material can be evaluated in the mid-frequency
region from the projected length of the Warburg curve with
a slope of 45° on the real axis.*® As displayed in the figure, the
Warburg-type line of N-CFs/MoS, hybrids is relatively shorter
than that of the other two, demonstrating the electrolyte ions
diffuse faster in the N-CFs/MoS, hybrid materials. This is
because the N-CFs in the hybrid materials not only provides
conductive pathways, but also improves the conductivity of the
electrodes, thus promoting the diffusion of electrons and ions.
In the high-frequency region, the equivalent series resistance
(Resr) values can be obtained from the real axis intersection of
the Nyquist plots as presented in the inset of Fig. 6f. The value
of N-CFs/MoS, hybrid materials is only 0.42 Q, lower than the
values of N-CFs and pure MoS, which are 1.1 Q and 0.9 Q,
respectively. In addition, from the absence of semicircles (due
to the charge transfer resistance) of the Nyquist plots, the N-
CFs/MoS, hybrid materials display lower charge transfer resis-
tance than the other two materials. Thus, the N-CFs/MoS,
hybrid materials possess excellent ion-migration ability as an
electrode material.

The cyclic stability is also an important feature of electrodes.
The Fig. 7 shows the decay of the specific capacitance of the N-
CFs/MoS, hybrids for 5000 cycles of galvanostatic charge-
discharge tests at a current density of 2.5 A g~ . After cycles, the
specific capacitance of the N-CFs/MoS, hybrids is 561.8 F g,
which is 98% of the initial specific capacitance, indicating the
outstanding electrochemical cyclic stability of the N-CFs/MoS,
hybrids as an electrode material.

1=25A g1 5000 cycles

A AN

1673200 1673600 1674000
Time (s)

100 -

75-

e
N

o
°

50-

o
>

Potential (V)

o o
© o

25-

Capacitance Retention (%)

0

0 1000 2000 3000 4000 5000
Cycle number

Fig. 7 Cycling stability of the N-CFs/MoS, hybrid electrode materials
over 5000 cycles at the current density of 2.5 A g%, the inset is the
galvanostatic charge—discharge curves.
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Fig. 8 Ragone plots (energy density vs. power density) of the MoS,, N-
CFs, and N-CFs/MoS; hybrids based symmetric supercapacitors.

The energy and power densities are also calculated due to the
two parameters are important as well for evaluating the electro-
chemical performance of supercapacitors. Fig. S3T is GCD curves
and C; of the pure MoS,, N-CFs, and N-CFs/MoS, hybrids based
symmetric supercapacitors at different current densities. Fig. 8
presents the Ragone plots corresponding to the relationship
between energy density and power density for the hybrids-based
symmetric supercapacitors. It can be seen from the figure, as the
power density increases from 94 to 1250 W kg ', the energy
densities of N-CFs and MoS, decrease from 6.1 and 6.9 W h kg’1 to
4.1 and 4.3 W h kg™, respectively. Comparatively, the N-CFs/MoS,
hybrids show energy density of 19.5 W h kg™ " at a power density of
94 W kg~ ', and still retain 15.8 W h kg~ ' at a power density of
1250 W kg '. These results illustrate the N-CFs/MoS, hybrid
electrode materials have higher energy density and power output.

The excellent electrochemical properties of the N-CFs/MoS,
hybrids as electrode materials are mainly attributed to the
following two aspects. First, CMC-NH, serves as a structure-
directing agent during the solvothermal synthesis of MoS,,
which effectively prevents the agglomeration of MoS, nano-
sheets. In addition, the MoS, nanosheets are evenly grown on
the surfaces of CMC-NH, thus increasing the specific surface
area and providing large numbers of active sites for electro-
chemical reactions, so that the electrolyte and electrode mate-
rials can fully contact with each other to reduce the distance for
ion diffusion. Second, using the CMC-NH, as a carbon source to
obtain the N-CFs via high-temperature carbonization not only
provide conductive pathways, but also introduce N atoms that
would effectively improve the electron-donating ability of the
CFs, lower the valence orbital energy, improve the conductivity
of the CFs, and promote the transfer of electrons and ions. This
ultimately increases the conductivity of the electrode materials.
Consequently, the as-prepared N-CFs/MoS, hybrids exhibit
remarkable electrochemical performance as electrode materials.

Conclusions

Novel N-CFs/MoS, hybrid materials were prepared via sol-
vothermal synthesis in 50% ethanol solution followed by a high-
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temperature carbonization process, using CMC-NH, as a struc-
ture-directing agent in the solvothermal synthesis of MoS,
nanosheets. The as-prepared N-CFs/MoS, hybrid electrode
materials exhibit excellent electrochemical performance. The
measured specific capacitance is up to 572.6 F g " at current
density of 0.75 A g . Additionally, the N-CFs/MoS, hybrids
show high rate capability and great electrochemical cyclic
stability that the specific capacitance retained 98% of the initial
capacitance after 5000 cycles of charge-discharge tests at
a current density of 2.5 A g~ *. In addition, the hybrids display
a maximum energy density of 19.5 W h kg™ at a power density
of 94 W kg '. Therefore, due to the excellent electrochemical
properties, low cost, and environmental friendliness, the N-CFs/
MosS, hybrids show potential for application in the energy field.
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